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To my family.
I would not be who I am without you.
Abstract
In the last two decades astronomers carried out a large number of galaxy surveys tuned
towards the study of galaxy formation and evolution. With the ever improving tech-
nology, increasing telescope sizes of ground-based telescopes and the development of
space-based telescopes it has become possible to detect galaxies at a time when the Uni-
verse was only a few hundred million years old. However, for the majority of galaxies a
detailed spectroscopic analysis is not possible due to their distance and limited telescope
time. Thus, many surveys rely on photometric data alone to help unveil the properties of
galaxies.
One of the most important areas of study within galaxy formation and evolution is the
analysis of the galaxy stellar population parameters as these can provide us with infor-
mation about the star formation histories of galaxies and when and possibly how they as-
sembled their mass. A popular approach in the literature is the fitting of synthetic spectral
energy distributions inferred from stellar population modelling to the multi-wavelength
photometry of galaxies. However, this approach comes with a large number of fitting
parameters all of which are essentially user-dependent and will bias the result in one way
or another.
The aim of this thesis is to investigate the accuracy and efficiency of spectral energy dis-
tribution fitting as derivation technique for the galaxy physical properties, such as age,
stellar mass, dust reddening, etc., as a function of the fitting parameters, such as star for-
mation histories, age grids, metallicity, initial mass function, dust reddening, reddening
law, filter setup and wavelength coverage and stellar population model, and to find the
setup of parameters that recovers the properties best. In particular, we investigate in de-
tail the dependence of the derived properties on the assumed wavelength coverage and
exact filter setups. Mock galaxies with known properties serve as test particles for this
exercise. The synthetic spectral energy distributions used in this thesis are based on the
Maraston (2005) stellar population models. Literature results which investigate similar
problems are obtained using the models of Bruzual & Charlot (2003).
Firstly, the fitting is carried out under the assumption that galaxy redshifts are known
mimicking surveys for which galaxy redshifts are derived spectroscopically. Then we
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study the case in which the redshift is not known and needs to be determined alongside
the galaxy physical properties which is the case for most photometric surveys.
In general, we find that - using normal template star formation histories as widely used
in the literature - ages and stellar masses of star-forming galaxies are underestimated,
reddening and star formation rates are overestimated. This is due to a mismatch in star
formation history and the overshining effect. The addition of the rest-frame near-IR ap-
pears to be crucial for the derivation of robust results. For aged galaxies with little or
no on-going star formation we find that a setup covering a wide range of star formation
histories and metallicities works best when the fit is carried out excluding dust reddening.
For high redshift star-forming galaxies we find that a new type of star formation history
(inverted-τ models which start forming stars at high redshift) recovers stellar masses and
star formation rates best. The parameters of truly passive galaxies are much better deter-
mined.
In order to ease the comparison of literature data that was analysed with different fitting
parameter setups we provide scaling relations for the transformation of stellar masses be-
tween different setups. Our results concerning the importance of the wavelength cover-
age in the fitting are particularly useful for the planning of future surveys and observation
proposals.
We apply our findings from the study of mock galaxies to various samples of real galaxies
which cover different redshift ranges and galaxy types. We derive the stellar population
properties for a sample of star-forming galaxies at z ∼ 2 from the GOODS-S survey
using inverted-τ models (with high formation redshifts) and show that the obtained dust
reddening and star formation histories are in excellent agreement with those derived from
other methods. We also show how the wrong set of fitting parameters can lead to unre-
alistically young ages, low stellar masses and high star formation rates which are a pure
artefact from the fit.
Furthermore, we study a sample of low redshift, predominantly passive galaxies from the
SDSS-III/BOSS survey for which we use the spectral model of Maraston et al. (2009)
that is tuned to the needs of this particular type of galaxies. We find that BOSS galaxies
are mostly passive, old and massive at each redshift in the range 0 < z < 0.7. Finally,
we complement the study of SDSS-III/BOSS galaxies by deriving stellar masses for the
SDSS-I/II galaxies in a similar fashion.
We conclude that the simultaneous derivation of stellar population properties of galaxies
from spectral energy distribution fitting is difficult but that these properties can be very
well derived provided the right setup and wavelength coverage are used in the fitting.
We also conclude that more work is needed to better match star formation histories of
aged galaxies with little on-going star formation in order to improve estimates of stellar
population parameters.
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Chapter 1
Introduction
Ever since Edwin Hubble discovered at the beginning of the 20th century that the galaxy
we live in, the Milky Way, is not the only galaxy in the Universe, astronomers try to
understand how these massive collections of stars, gas and dust form and evolve with
time.
1.1 Galaxies
1.1.1 The nearby Universe
The first attempt by Hubble himself was to classify different types of galaxies1 according
to their outer appearance, their so-called morphology (Fig. 1.1, Hubble, 1926), and to
order them. This led him to distinguish two basic types of galaxies, namely early-types or
elliptical (E) and late-types or spiral (S) galaxies. Ellipticals show a smooth distribution
of stars and a round or elliptical shape. Spiral galaxies are flat disks with clear structure
such as spiral arms and dust features. The spiral class is sub-divided into normal spirals
and those that have bars in their centre (SB). Later, new types such as irregular galaxies
and interacting galaxies were added to the scheme. Although these extended versions of
the Hubble Classification Scheme are still in use today, e.g. most famously is the Galaxy
Zoo project (Lintott et al., 2008), important physical properties are known to be different
in these two basic types of galaxies.
Apart from morphology galaxy types can also be set apart by colour2, stellar mass, dust
content and star formation. Elliptical galaxies are mainly comprised of old stellar pop-
ulations and appear to not form stars anymore. Old stellar populations consist of old,
1Named ’nebulae’ in Hubble’s time.
2Difference of the brightness of a galaxy in different wavelength ranges of the electromagnetic spec-
trum.
1
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Figure 1.1: Galaxy classification scheme developed by Edwin Hubble (Hubble, 1926)
in which galaxies are classified by their morphology into ellipticals (E) and spi-
rals (S). The spirals are further distinguished by the existence of a bar (SB spi-
rals). S0’s build the transition between ellipticals and spirals. Because of the di-
agram’s shape it is also called ”Hubble’s Tuning Fork”. Figure taken from http :
//hubblesite.org/newscenter/archive/releases/1999/34/image/o/format/large web/.
low-mass stars which have low surface temperatures, consequently their energy emission
peaks at long wavelengths; we say they are red in colour and so is the galaxy. Spi-
ral galaxies on the other hand harbour on-going star formation fueled by gas and dust.
They are blue in colour because they contain young, high-mass stars which have very
hot surface temperatures and are therefore blue. Although spiral galaxies are much more
abundant, ellipticals are more massive and thus contain 50-75% of the total stellar mass
in the nearby Universe (e.g. Bell et al., 2003). These properties lead to a clear colour
bimodality in the local Universe in which massive red galaxies line up along the red se-
quence whereas blue low-mass galaxies form the blue cloud (Fig. 1.2; Strateva et al.,
2001; Kauffmann et al., 2003; Blanton et al., 2003, 2005; Baldry et al., 2004; Balogh
et al., 2004). The aim of galaxy evolution studies is to understand the origin of such a
separation. Alongside this bimodality many scaling relations have been found for nearby
galaxies, for example the correlation between a spiral galaxy’s luminosity and its rotation
velocity, the so-called Tully-Fisher relation (Tully & Fisher, 1977). A similar correlation
exists between luminosity and stellar velocity dispersion for elliptical galaxies (Faber &
Jackson, 1976). From observations like these the question arises if what we see locally is
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Figure 1.2: Colour-mass (magnitude) diagram illustrating the bimodality of the local
galaxy population. Less massive (fainter) star-forming spiral galaxies are predominantly
blue in colour and loosely form the ’blue cloud’. Massive (bright) and passive elliptical
galaxies are predominantly red in colour and concentrate along the ’red sequence’. Very
few galaxies are found in the transition region called ’green valley’.
also valid in the distant Universe. This ultimately urges one to investigate how galaxies
form and evolve with time.
1.1.2 The distant Universe
In order to study galaxy formation and evolution one has to extend the study beyond
the local Universe into the distance. Thanks to the finite speed of light looking into the
distant Universe also means looking back in time. In this way we are able to observe
galaxies at different stages in their evolution. However, the further away an object is
from us, the fainter and smaller it appears, too. Fig. 1.3 shows the deepest images ever
taken of a small part of the night sky - the Hubble Ultra Deep Field (Beckwith et al.,
2006)- reaching ∼ 13 billion years back in time. Each of the approximately 10,000 light
blobs in this picture is a galaxy. For the majority of these galaxies astronomers can only
rely on luminosity and colour as means to study their nature. Morphological information
remains unresolved and detailed spectroscopic data is too expensive and time consuming
to obtain. However, such studies are further complicated by the fact that the Universe is
expanding (i.e. all galaxies are moving away from us and distant galaxies move quicker
than closer ones, Hubble, 1929). This means that light emitted by distant galaxies gets
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stretched out on its way to us. Because of this stretching light appears redder when it is
observed compared to when it was emitted, it is redshifted. This redshift is a function
of the distance and therefore often used as distance indicator. The redshift and its effect
on the observed light has to be taken into account when galaxies at various distances are
compared to each other.
Figure 1.3: Colour composite of the Hubble Ultra Deep Field, deepest image ever
taken of a part of the night sky. The image shows more than 10,000 galax-
ies of all shapes, colours and sizes in an area of 11 arcmin2. Source: http :
//hubblesite.org/newscenter/archive/releases/2004/07/
1.2 Galaxy formation
1.2.1 Structure formation
Is the expansion of the Universe followed back in time one realises that the young Uni-
verse must have been smaller and ultimately have started from a singularity. Nowadays
it is widely believed that the Universe started with a ’Big Bang’ around 13.7 billion years
ago and then expanded from this extremely hot and dense state into the Universe we ob-
serve today (Fig. 1.4). During this expansion the Universe cooled down. At ∼ 380, 000
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years after the Big Bang the initially almost uniform plasma had cooled enough so that
matter and radiation decoupled. This point in time is also called the time of recombina-
tion because electrons started to combine with nuclei into hydrogen atoms. Since then
radiation travels through the Universe nearly undisturbed and has been observed today as
the Cosmic Microwave Background (CMB, Penzias & Wilson, 1965) with a temperature
of ∼ 2.7 Kelvin by satellites such as COBE (Smoot et al., 1991) and WMAP (Bennett
et al., 2003). The time of recombination denotes the start of the matter dominated era
of the Universe. After this very short time the history of the Universe is dominated by
galaxy evolution processes. This thesis focusses on the galaxy-dominated period.
However, not all matter in the Universe is visible. Zwicky (1937) indicated that because
of the mismatch between dynamical and luminous mass of Coma cluster galaxies there
must be some invisible or ’dark’ matter component in the Universe. This was later also
found by Rubin et al. (1985) in the rotation curves of spiral galaxies. Since then, the dom-
inating view among astronomers is that galaxies reside in haloes of dark matter. Recent
data indicates that the dark matter is about five times more abundant than the baryonic
matter (Komatsu et al., 2009). It is this dark matter that creates gravitational potential
wells due to tiny primordial density fluctuations, attracts more dark matter to flow into
these wells, condenses and clumps into dark matter haloes. Over time these dense regions
become even denser and then also attract baryonic matter which, after sufficient cooling,
Figure 1.4: History of the Universe according to the Big Bang Theory. The Uni-
verse starts in an extremely hot and dense plasma state (Big Bang) and evolves through
expansion and cooling eventually allowing structures like galaxies to form. Source:
http : //www.astronomynotes.com/cosmolgy/s12.htm
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collapses to form stars and later galaxies. Only after the formation of the first stars did
the Universe become transparent as their radiation ionised neutral gas around 400 million
years after the Big Bang.
As time progresses, dark matter haloes are held to merge and form the structure of
clumps, voids and filaments which are traced by the baryonic matter such as gas and
galaxies we see in the late Universe.
The current cosmological model that best describes the formation of structure as observed
in today’s Universe is a model in which
• 22% of the Universe consists of cold dark matter (CDM), meaning dark matter
particles move at classical speeds rather than relativistic (warm) or ultra-relativistic
(hot) speeds
• 4% is baryonic matter for which only 0.4% is locked up in stars and 3.6% exists as
intergalactic medium
• 74% is made up by dark energy which drives the accelerated expansion of the
Universe and is described by a cosmological constant Λ.
This model is called ΛCDM.
1.2.2 Monolithic collapse and hierarchical clustering
As alluded to in the previous section in a ΛCDM cosmological framework structures
form hierarchically (Press & Schechter, 1974). This means that small structures form
first and grow larger with time because matter gets gravitationally attracted to overdensi-
ties. For galaxy formation and evolution this means that gas accumulates until the cloud
collapses and stars start to form. This naturally produces disky systems which later turn
into ellipticals by merging (Fig. 1.5; Toomre & Toomre, 1972; Toomre, 1977; White &
Rees, 1978; Blumenthal et al., 1984).
This opposes the classical scenario of monolithic collapse in which elliptical galaxies
form out of quickly collapsing gas clouds at high redshift (and may later turn into spiral
galaxies, Eggen, Lynden-Bell & Sandage 1962). The assumption that star formation and
assembly of elliptical galaxies happen simultaneously, the short durance of this process
and the top-down nature of monolithic collapse (i.e. massive galaxies form first) make it
difficult to embed into a ΛCMD framework.
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Figure 1.5: Illustrated are the two competing galaxy formation and evolutionary scenar-
ios. In the classical picture (left) elliptical galaxies form out of monolithically collapsing
gas clouds and later transform into disk galaxies. The hierarchical clustering scenario
on the other hand (right) postulates the formation of disk galaxies out of cooling gas
clouds. Elliptical galaxies form later through merging of two disk galaxies. Source:
http : //www.jeffstanger.net/Astronomy/galaxyformation.html
1.2.3 Galaxy formation models
In order to fully understand galaxy formation and evolution processes much effort has
been put towards the development of galaxy formation models. The behaviour of dark
matter with time has been successfully simulated computationally by Springel et al.
(2005). However, following the processes in baryonic matter such as star formation,
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feedback, heating and cooling is much more challenging. For this purpose so-called
semi-analytic models were developed (Cole et al., 1994; Mo et al., 1998; Somerville
et al., 2001; Kauffmann et al., 2003; Hatton et al., 2003; Croton et al., 2006; Bower et al.,
2006; De Lucia & Blaizot, 2007; Baugh, 2006; Somerville et al., 2008) which include
parametric prescriptions of the physical processes that govern the behaviour of baryonic
matter. These processes include gas heating and cooling, star formation, chemical enrich-
ment, feedback from supernovae (SN) and active galactic nuclei (AGN) and dynamical
interactions between galaxies such as merging. Since most of these processes are poorly
understood the predictive power of these models is reduced. Observations are of great
help for constraining the free parameters in such models.
1.2.4 Brief summary of observational results
Crucially, the study of galaxies relies on the investigation of their components, namely
stars, gas and dust. The aim is to reconstruct the history of each galaxy to unveil how
and when it assembled its mass. Do galaxies predominantly grow in size because of their
star formation or is their growth merger-driven? Ultimately, this will help to answer the
question whether galaxies form hierarchically or via monolithic collapse.
In recent years, many important results were yield besides the aforementioned scaling
relations. It was discovered that red elliptical galaxies preferentially live in high-density
environments, such as clusters and groups of galaxies (Oemler, 1974; Davis & Geller,
1976; Dressler, 1980; Aragon-Salamanca et al., 1993; Blanton et al., 2005; Baldry et al.,
2006; Lane et al., 2007; van der Wel, 2008). Blue spiral galaxies on the other hand are
mainly found in the field (Ellis et al., 2005; Conselice, 2006).
With regard to the evolution of scaling relations with redshift, many studies showed that
passive red ellipticals exist already at high redshift and therefore a red sequence is in place
since at least ∼ 7.5 Gyr (z ∼ 1; Bell et al., 2004; De Lucia & Blaizot, 2007; Kriek et al.,
2008; Williams et al., 2009; Brammer et al., 2009). Furthermore, it has been suggested
that the mass in the red sequence is twice as large now compared to z ∼ 1 (Bell et al.,
2004; Borch et al., 2006; Faber et al., 2007; Brown et al., 2008). However, Cimatti, Daddi
& Renzini (2006) conclude that this is only the case at the low-mass end. The mass in the
blue cloud where actively star-forming galaxies reside on the other hand seems to have
stayed nearly constant (Borch et al., 2006; Arnouts et al., 2007; Bell et al., 2007). This
suggests that merging and not star formation dominates the growth of mass in galaxies.
It also indicates that galaxies from the blue cloud travel towards the red sequence by
merging without triggering too much star formation (Faber et al., 2007) or by losing their
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Figure 1.6: Illustration of downsizing by Thomas et al. (2010). Shown is the specific star
formation rate (SFR/stellar mass) as function of look-back time for early-type galaxies of
different masses (see labels). Grey hatched curves refer to uncertainties in the formation
time scales. Time and redshift are connected by adopting ΩM = 0.24, ΩΛ = 0.76, and
H0 = 73 km/s/Mpc. The sketched star formation histories refer to the typical forma-
tion history averaged over the entire galaxy population (at a given mass) rather than real
star formation histories of individual objects which are expected to be burstier and more
irregular. Source: Fig. 9 from Thomas et al. (2010).
ability to form stars in other ways. However, this can only work for the least massive
galaxies due to chemical evolution. Other studies found passive and already old elliptical
galaxies at high redshift (z ∼ 2) which consequently must have formed (and assembled)
their stars at even earlier epochs (Cimatti et al., 2002; Moustakas et al., 2004; Papovich
et al., 2005; Treu et al., 2005). These studies at high redshift are consistent with those
exploiting so-called galaxy archaeology. In fact, recent studies by, e.g. Thomas et al.
(2005, 2010), find a ’down-sizing’ trend in galaxy evolution such that the most massive
galaxies formed quickly at high redshift while less-massive galaxies continue to form
stars over a very long period of time (Fig. 1.6). This is not consistent with hierarchical
models and with much late merging. Hence, galaxy evolution is still open.
1.3 From stars to galaxies
As pointed out, the study of galaxies is carried out via the analysis of their components.
Most importantly one is interested in the stars that make up a galaxy because it is their
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light that we observe. In order to understand galaxies one has to understand stellar evo-
lution first (for reviews on stellar evolution see e.g. Iben Jr., 1967; Renzini & Fusi Pecci,
1988, and references therein). Stellar evolution is driven by nuclear physics as stars
burn via nuclear fusion. The hotter and more massive a star is, the brighter it is, too.
But this also means a short lifetime. Smaller and cooler stars live orders of magnitudes
longer (e.g. Iben, 1967). When stars are sorted into a Hertzsprung-Russell-diagram (HR-
diagram, Fig. 1.7, pioneered by E. Hertzsprung and H.N. Russell in 1910, see e.g. Sitterly
1970 for a review) relating surface temperature (spectral class) to stellar luminosity, then
we find the cool, faint, low-mass stars in the bottom right corner and the hot, bright, mas-
sive stars in the top left corner (Rosenberg, 1910; Russell, 1921). The temperature of a
star also determines its colour, with hot stars being blue and cool stars being red. Stars
spend most of their lifetime on the main sequence (MS) while they are burning up hydro-
gen in the core. Once most of the hydrogen is used up, stars move away from the main
sequence to the right in the HR-diagram and turn into sub-giants (for post main sequence
stellar evolution see e.g. Iben, 1974, and references therein). This marks the transition
between hydrogen burning in the core to hydrogen burning in an outer shell while the
core consists of helium. Stars now move on to the red giant branch (RGB) where they
Figure 1.7: Hertzsprung-Russel diagram showing the different evolutionary stages
of stellar evolution. The diagram relates surface temperature (and spectral class)
of a star to its luminosity. The evolutionary track of the sun is shown as an ex-
ample of how stars move in the diagram during their evolution. Source: http :
//www.bramboroson.com/astro/apr3.html
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Figure 1.8: Examples for stellar spectra, specifically: Vega (A0V, blue), the Sun (G2V,
green), and a M5 giant (red). Fluxes are in arbitrary units. Adapted from Fig. 3 of Girardi
et al. (2002).
burn hydrogen in a shell. From there they move onto the horizontal branch (HB) where
they burn helium in their core (helium burning phase). Once some helium has burnt in
the core and a carbon core has formed, helium and hydrogen burn in outer shells. Stars
have now moved to the asymptotic giant branch (AGB, e.g Iben Jr. & Renzini, 1983,
and references therein). Once stars reached the top of the AGB they expel their outer
shell (remnants are called planetary nebulae). They are now very blue thus moving to the
left in the HR-diagram. While the helium burning dies off they cool and turn into white
dwarfs. Depending on the initial mass of the star the final stage can also be a neutron
star (for initial masses between 8 and 60M⊙) or a black hole (initial masses larger than
60M⊙).
The spectra of stars depend on surface temperature. Examples for a very young and
blue star, our Sun and a red giant star are shown in Fig. 1.8 (Girardi et al., 2002). The
spectrum of a galaxy is a superposition of the spectra of all the stars in that galaxy. The
age determination of a stellar population exploits the knowledge that stellar lifetimes are
anti-correlated with stellar mass. Very massive and blue stars have very short lifetimes
while red, lower mass stars live a lot longer. Hence, is a galaxy spectrum mainly red,
stars making up that galaxy are mainly old (because all blue stars have died already). Is
a galaxy spectrum blue, then stars must have formed recently. The age dating of stellar
populations is based purely on nuclear physics and stellar evolution theory and inde-
pendent of the underlying cosmological model. By exploiting the stellar evolution the
integrated spectra of stellar populations as a function of age can be modelled (Tinsley,
1972; Bruzual A. & Charlot, 1993; Maraston, 1998; Bruzual & Charlot, 2003; Maraston,
2005). We will address this in more detail in Chapter 3. These so-called stellar popula-
tion models are the basic tool of investigation for galaxies.
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1.4 Modelling data
Galaxy properties are derived by fitting these stellar population models to data, and sev-
eral approaches are taken, which have pros and cons (for recent reviews see Walcher
et al., 2011; Maraston, 2011a). For our purpose let us briefly distinguish between spec-
troscopic and photometric methods. While the availability of spectra is mandatory for
the determination of detailed chemical abundances, such as chemical abundance ratios,
which is accomplished through using selected absorption line indices and comparing to
element-ratio sensitive models (e.g. Worthey et al., 1992; Trager et al., 2000; Kuntschner,
2000; Thomas et al., 2005, 2010), the high S/N that is required made this method prac-
tical only for a limited number of galaxies at limited redshifts so far. Also popular is
the so-called full spectral fitting approach in which population parameters are extracted
by fitting the full available spectrum (Heavens et al., 2000; Cid Fernandes et al., 2004;
Ocvirk et al., 2006; Panter et al., 2007; Tojeiro et al., 2007, 2009). This also requires
high quality and high S/N spectra in order to succeed. These are often limited in wave-
length coverage, notoriously time consuming and thus been limited so far in redshift and
Figure 1.9: Example of broad-band SED-fits of stellar population models (red and blue
lines) to data (green points with errorbars). Properties inferred directly from the fit are
listed.
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to small samples.
Broad-band photometry is the favourite approach at high redshift, because it is relatively
cheap and yet - by covering a wide wavelength range as in the modern approach (e.g. The
Great Observatories Origins Deep Survey (GOODS) Dickinson et al., 2003) although at
a coarser resolution compared to spectroscopy - can be effective in breaking the age-
metallicity degeneracy and in providing sensible physical properties for galaxies. It is
common to exploit such data in spectral energy distribution fitting and many conclusions
on galaxy evolution are based on these results.
Broad-band spectral energy distribution (SED) fitting is the data analysis technique ap-
plied throughout this thesis. SED-fitting is based on fitting stellar population models
with a variety of different parameters (i.e. ages, dust content, chemical composition) to
broad-band photometric data. The resulting best fit among all parameter combinations
then gives the stellar population parameters (Chapter 3). Fig. 1.9 shows an example of
two such fits with the derived parameters. Clearly, two similarly good fits can yield vastly
different stellar population properties. In this case, the age-dust degeneracy is illustrated.
This means that a young stellar population in combination with a high-dust content (red
curve) and an older stellar population that is dust free (or has very little dust, blue curve)
result in similar spectra which cannot be distinguished by the fit.
Over the last two decades numerous galaxy surveys were designed and performed to
study galaxy formation and evolution, e.g. CANDELS (Grogin et al., 2011; Koekemoer
et al., 2011), COMBO-17 (Wolf et al., 2001), COSMOS (Scoville et al., 2007), DEEP2
(Davis et al., 2003), GMASS (Kurk et al., 2008), GOODS (Dickinson et al., 2003), SDSS
(York et al., 2000), SERVS (Lacy et al., 2008), STAGES (Gray et al., 2009). To this end,
the determination of the physical properties of galaxies, such as ages, stellar masses,
star formation rates (SFRs), star formation mode, dust reddening, metallicity and - when
necessary - photometric redshifts possibly as a function of look-back time and environ-
ment is crucial. Even for galaxy surveys devoted primarily to Cosmology, such as BOSS
(Eisenstein et al., 2011), DES (http://www.darkenergysurvey.org/), LSST (Strauss et al.,
2010) and WiggleZ (Blake et al., 2008), galaxy properties need to be accurately deter-
mined as galaxies bias the read-out of the cosmological signal (e.g. White et al., 2011).
The interesting question is to assess how well galaxy properties can effectively be re-
covered with stellar population model fitting and many papers have been devoted to this
scope over recent years using real galaxies (e.g. Maraston, 2005; van der Wel et al., 2006;
Maraston et al., 2006, and many others).
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1.5 Thesis motivation and outline
The aim of this thesis is to understand the systematics and uncertainties involved in the
derivation of stellar population properties of galaxies through stellar population model
fitting. These are due to the use of different models, parameters, wavelength ranges, etc..
We focus on a popular derivation method - the so-called broad-band spectral energy dis-
tribution fitting - which in particular applies to high-redshift galaxies.
The information gained from studies of real galaxies as in e.g. Maraston (2005); van der
Wel et al. (2006); Maraston et al. (2006) is useful, but does not yet inform us on which fit-
ting method and parameters provide the correct galaxy properties as a comparison to the
true quantities cannot be made for real galaxies. On the other hand, using mock galaxies
for which the properties are known a priori allows one to understand the effectiveness
of the assumptions made in the fitting, even though there is no guarantee that simulated
galaxies have star formation histories similar to real ones in the Universe.
This thesis is organised as follows. In Chapter 2 we introduce the various data sets that
are used throughout this thesis. These include a set of simulated galaxies with known
properties which allow us to test the accuracy and robustness of our method for the deriva-
tion of stellar population properties. Furthermore, we study several observed galaxy sam-
ples covering not only different distance intervals but also different galaxy types. For the
analysis of these galaxy samples we use the common approach of spectral energy distri-
bution fitting which is described in detail in Chapter 3. Chapter 4 illustrates the results
we obtain with this method for simulated galaxies under the assumption that their red-
shift is known and can be used as constraint in the fitting. We extensively test the effect of
using different setups and parameters in the fit, most of which belong to the most popular
ones in the literature. We will show that changes in the fitting setup can have very drastic
effects on the derived galaxy population properties. This test is extended in Chapter 5
to the case in which also redshifts are unknown and need to be derived through fitting as
well. Finally, we apply the fitting method to samples of real galaxies of different types
and at different distances in Chapter 6. We will work our way from distant galaxies to
the nearby Universe and span ∼ 11.5 billion years in cosmic history. The work of this
thesis is summarised and concluded in Chapter 7.
Chapter 2
Galaxy data samples
We will begin the work of this thesis by introducing the data samples used throughout this
thesis in this chapter. In the Introduction we already pointed out that many galaxy surveys
aimed at galaxy formation and evolution have been undertaken in the last two decades.
However, for our purpose we need galaxies for which we know the true properties so that
we can compare our results in absolute and not just relative terms. Therefore, we start by
describing the mock galaxies which are extracted from a semi-analytic galaxy formation
model and which we use as test particles to analyse the robustness of the derived stellar
population properties in Chapters 4 and 5. After that we introduce three samples of real
galaxies which cover different redshift ranges and galaxy types. Specifically these are 95
high redshift, star-forming galaxies from the GOODS-S survey, ∼ 430, 000 mostly pas-
sive and massive galaxies from the SDSS-III/BOSS survey and ∼ 750, 000 low redshift
galaxies from the SDSS-I/II legacy survey. Data from the SDSS-III survey are available
to us through the University of Portsmouth’s full membership in SDSS-III.
2.1 Mock galaxies
2.1.1 Star-forming galaxies from a semi-analytic model
We extract model galaxies from the hybrid hierarchical model GalICS (Galaxies in Cos-
mological Simulations, Hatton et al., 2003). This uses dark matter merger trees obtained
with an N-body simulation covering the redshift range 0 = z . 35. Baryonic physics is
implemented semi-analytically following standard recipes (for details about GalICS see
Hatton et al. 2003 and for a review see Baugh, 2006). The latter includes gas cooling,
star formation, chemical enrichment, feedback from supernovae and AGN and treats the
15
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dynamical interactions of galaxies in clusters and groups, such as tidal stripping, dynam-
ical friction and mergers.
The mass distribution inside each single galaxy is governed by its evolution. Cooling
of hot gas into the dark matter potential wells forms disks where star formation occurs
depending on the mass of the available cold gas and on the galaxy dynamical time1 with
the star formation efficiency as a free parameter. Secular evolution in disks and mergers
produces bulges at the centres of disks. They are characterised by a Hernquist density
profile, and they do not benefit from gas cooling, which always forms disks. Therefore,
star formation can occur in bulges only from gas expelled from supernovae or infalling
into the bulge during a merger event or from the disk following disk instabilities. In this
case a starburst component is activated at the centre of the bulge, which carries the mass
of the newly produced stars, and has a geometry similar to that of the bulge but with a
smaller radius. Subsequent cooling of gas will produce a disk around the bulge, but will
not directly add mass to the bulge itself.
For each galaxy and its components (disk, bulge, burst) separately the code produces rest-
frame spectral energy distributions. We use the GalICS version in which these are based
on the Salpeter IMF (Salpeter, 1955) Maraston (2005, hereafter M05) stellar population
models (Tonini et al., 2009, 2010). We then apply dust reddening to the total spectra.
Following Tonini et al. (2010), we adopt a Calzetti et al. (2000) extinction curve (see
Fig. 3.3) and a colour-excess E(B − V ) proportional to the galaxy star formation rate,
parameterised as
E(B − V ) = 0.33 · (log(SFR)− 2) + 1/3 (2.1)
and E(B − V ) = 0 for SFRs less than 10M⊙/yr. This parameterisation is based on the
reddening derived for a sample of real star-forming galaxies at z ∼ 2 in the GOODS
fields (Daddi et al., 2007, M10, Section 6.1). We do not randomise the inclination of disk
galaxies (which reduces the dust effect in face-on objects) but we redden the spectrum
by the total amount of extinction calculated for each galaxy, therefore considering the
maximal reddening for each object.
As in Tonini et al. (2010) the mock catalogues are built by redshifting the (unreddened
and reddened) spectra in each simulation time step to the corresponding redshift value,
obtaining the observer’s frame spectra. We then filter the spectra with a chosen set of
broad-band filters (see Fig. 3.2) to obtain the observer’s frame broad-band magnitudes.
1The time it takes a particle located at the half-mass radius to reach either the opposite side of the galaxy
(for a disk) or its center (for a bulge, Hatton et al., 2003)
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Figure 2.1: Left: Mass-weighted ages of mock star-forming galaxies at redshifts 0, 0.5,
1, 2 and 3 for the entire merger tree (black) and the sub-sample used in this thesis (red).
Right: Age distribution. Note the different scales on the y axes.
Finally, we scatter the magnitudes with Gaussian errors with three σ errorbars typical of
those of the COSMOS survey (Capak et al., 2007) for mock galaxies at redshifts≤ 1 and
those of the GOODS star-forming objects (Giavalisco et al., 2004) for mock galaxies at
redshift ≥ 2 (∼ 0.05 and 0.1 mag, respectively). From one merger tree2 we use a sample
100 mock galaxies at each of the five redshifts z = 0, 0.5, 1, 2 and 3, respectively.
For simplicity we chose the first 100 galaxies at each redshift. Within GalICS the order
of galaxies depends on the order of the haloes they reside in. This order depends on
the halos position in the simulation volume but is not specific with regard to mass for
example. Since haloes as well as galaxies merge over time and new haloes and galaxies
form this subsample still represents the merger tree adequately (see also Figs. 2.1-2.4)
just in a smaller volume. 3 The fitting method is described in Section 3.
The stellar population properties of the mock galaxies of the full merger tree are shown
in conjunction with those of the 100 galaxy sample used in this thesis in Figs. 2.1-2.4.
The mass-weighted ages of galaxies at z ∼ 0, 0.5 and 1 are confined around a few Gyr
(Fig. 2.1, left). However, star formation is never completely shut off in semi-analytic
models such that low redshift objects contain a small fraction of populations that are
much younger than the mass-weighted age. This is shown in Fig. 2.1, right hand panel.
Therefore, the intrinsic stellar populations of these galaxies cover a much broader age
2The full merger tree consists of 1811, 2003, 2118, 1760 and 1195 galaxies at z = 0, 0.5, 1, 2 and 3,
respectively.
3We also verified that our conclusions remain unchanged when using the entire merger tree at each
redshift in the analysis.
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Figure 2.2: Mass-weighted metallicities of the mock star-forming galaxies at redshifts 0,
0.5, 1, 2 and 3 for the entire merger tree (black) and the sub-sample used in this thesis
(red).
range than those at higher redshift. This will have consequences on the capability of
simple composite models to recover the actual properties of these galaxies (see Chapters
4 and 5). Mass-weighted metallicities increase with redshift, but hardly reach half-solar
metallicity by z ∼ 0 (Fig. 2.2). Note, that the latest formed populations have indeed
solar and super-solar metallicities but their contribution to the total stellar mass is very
small. At high redshift, the mass-weighted ages of most galaxies are younger than 1 Gyr,
and much more similar to each other with respect to those at low redshift. As expected,
metallicities are lower.
As a further illustration we show the typical star formation histories of galaxies at redshift
0.5 and 2 in Fig. 2.3. Galaxies at redshift 2 show predominantly increasing star formation
rate while for most galaxies at redshift 0.5 the star formation rate decreases with time.
Finally, star formation rates are shown as a function of stellar mass in Fig. 2.4. The
number of low mass objects decreases towards z = 0.5. Most objects have very low star
formation rates.
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Figure 2.3: Selection of star formation histories of semi-analytic galaxies at z = 0.5
(left) and 2 (right). The zeropoint of the lookback time lies at the given redshift. Galaxy
star formation rates at z = 2 increase, while those at z = 0.5 predominantly decline.
Galaxies at redshift 2 are younger than those at redshift 0.5 (see Fig. 2.1).
It is important to notice that - from the stellar population properties point of view - galax-
ies at z = 2 and 3 and galaxies at z = 0.5 and 1 are similar, and with regard to various
assumptions in the fitting. The wavelength coverage is obviously redshift sensitive and
conclusions may be different.
Note that we do not show the z ∼ 0 objects further because they are more easily accessed
by other diagnostic methods such as spectroscopy, and we shall study them in a separate
publication.
2.1.2 Passive galaxies
Star formation in the semi-analytic model is never completely shut off. In order to study
the case of truly passive and old galaxies, we consider a set of solar metallicity, Salpeter
IMF, simple stellar populations of M05 and place them at the various redshifts. The ages
of the mock passive galaxies range from 1 to 7 Gyr at z = 0.5 and from 1 to 1.5 Gyr at
z = 3. Stellar masses vary between 1010.5 and 1012M⊙ in steps of 0.25 dex4. Internal
reddening was not added to these passive galaxies.
4In total these are 56, 42, 21 and 14 galaxies at redshift 0.5, 1, 2 and 3, respectively.
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Figure 2.4: Stellar masses and star formation rates of mock star-forming galaxies at
redshifts 0.5, 1, 2 and 3 for the entire merger tree (black dots). The sub-sample used in
this thesis is marked in red. The build-up of the red sequence towards lower redshift is
visible in the bottom right of each panel.
2.2 Star-forming galaxies in GOODS-South
2.2.1 GOODS - The Great Observatories Origins Deep Survey
The Great Observatories Origins Deep Survey (GOODS5, Dickinson et al., 2003) com-
bines very deep observations carried out with NASA’s great observatories - namely the
Spitzer Space Telescope, the Hubble Space Telescope (HST) and the Chandra X-ray
Satellite - ESA’s Herschel Telescope and XMM-Newton and ground-based telescopes to
enable the study of galaxy formation and evolution at early cosmic times. Observations
cover a wide wavelength range from the optical (HST+ground-based data) via the in-
frared (Spitzer, Herschel) to the X-ray (Chandra, XMM-Newton) regime of two fields
covering a total area of ∼ 320 arcmin2. The northern field (GOODS-North) is centred
on the Hubble Deep Field North at 12h 36min 55s, +62◦ 14min 15s. The southern field
(GOODS-South) is centred on the Chandra Deep Field South at 3h 32m 30s, -27◦ 48min
20s. Photometric observations are complemented by ground-based spectroscopic data.
5http://www.stsci.edu/science/goods/
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In the next section we describe the sample of galaxies from the southern field which we
study in detail in Chapter 6, Section 6.1.
2.2.2 Galaxy sample selection
We use a sample of 96 galaxies in the GOODS-South (Giavalisco et al., 2004) field from
Daddi et al. (2007). These galaxies were selected via the BzK diagram6 (Daddi et al.,
2004) to be star-forming, as confirmed by the detection in deep Spitzer+MIPS data at
24µm for > 90% of the galaxies in the sample. We include only objects with accu-
rately determined spectroscopic redshifts at z > 1.4, which were derived from a variety
of surveys (see Daddi et al., 2007, for references), including notably ultra-deep spec-
troscopy from the GMASS (Galaxy Mass Assembly ultradeep Spectroscopic Survey)
project7(Kurk et al., 2009) and from the GOODS survey at the Very Large Telescope
(Vanzella et al., 2008; Popesso et al., 2009). Galaxies in the resulting sample lie in the
range 1.4 ≤ z ≤ 2.9.
The multicolour photometry was obtained using the four bands HST+ACS data in the
optical (Giavalisco et al., 2004), the JHK bands in the near-IR from VLT+ISAAC obser-
vations (Retzlaff et al., 2010) and from Spitzer+IRAC (Dickinson et al., in prep.). We
used PSF-matched images to build photometric catalogues from B to K. The IRAC pho-
tometry was measured over 4′′ diameter apertures and corrected to total magnitudes using
corrections appropriate for point sources, and matched to the K-band using total K-band
magnitudes as a comparison. This is the same procedure that was used for the GOODS-S
catalogues presented by Cimatti et al. (2008) and Daddi et al. (2007). In summary, all
SED-fits in Chapter 6, Section 6.1 make use of the following bands: BV izJHK plus the
Spitzer/IRAC channels 1, 2 and 3.
Besides satisfying the BzK criterion, the sample of galaxies used in this thesis is sub-
ject to the additional selection imposed by the various spectroscopic surveys mentioned
above. Fig. 2.5 shows the distribution functions of the mass, SFR, and reddening, as
derived by Daddi et al. (2007), separately for the full KVega < 22 sample in the GOODS-
South field, and for the sub-sample of 96 objects with spectroscopic redshifts. The sample
used here is somewhat biased towards higher masses, SFRs, and extinctions, but by and
large for all three quantities it covers a major fraction of the range exhibited by the full
sample. This can also be appreciated by inspecting Fig. 2.6, where the 96 galaxies used
6Star-forming galaxies at z ≥ 1.4 are selected with BzK = (z−K)AB− (B− z)AB > −0.2, passive
galaxies in the same redshift range are selected with BzK < −0.2 and (z −K)AB > 2.5.
7http://www.arcetri.astro.it/∼ cimatti/gmass/gmass.html
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Figure 2.5: The distribution functions of the stellar mass, SFR, and reddening of BzK
galaxies in the GOODS-South sample as from Daddi et al. (2007), separately for the full
sample and for the sub-sample with spectroscopic redshifts which is used in this thesis.
in the present study are compared to the whole sample in Daddi et al. (2007). Therefore,
we consider that the conclusions drawn from this spectroscopic sample should hold for
the full sample, perhaps with the exclusion of some low-mass, low-SFR objects.
This database allows the sampling of galaxy SEDs up to the rest-frame K-band. The
SEDs over the whole wavelength range from the rest-frame UV to the K-band will be
analysed in Chapter 6, Section 6.1.
2.3 Luminous galaxies in the Baryon Oscillation Spec-
troscopic Survey
2.3.1 BOSS - The Baryon Oscillation Spectroscopic Survey
The Baryon Oscillation Spectroscopic Survey (BOSS8, Eisenstein et al., 2011) is one
of the four surveys comprised within the Sloan Digital Sky Survey (SDSS) III. SDSS-
III/BOSS (hereafter BOSS) contains two simultaneous spectroscopic surveys9 itself:
• one designed to map 1.5 million luminous galaxies over the last ∼ 6 Gyr (out to a
redshift of z ≈ 0.7)
• and one targeting 150, 000 quasars between redshift 2.2 and 4 in order to observe
the Lyman-α forest
8http://www.sdss3.org/surveys/boss.php
9excluding ancillary projects
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Figure 2.6: The SFR vs. stellar mass of star-forming BzK-selected galaxies in the
GOODS-South field (from Daddi et al., 2007). The sub-sample with spectroscopic red-
shifts is indicated and represents the set of galaxies for which various SED-fits are at-
tempted in this thesis. The SFRs are in M⊙/yr and masses in M⊙ units.
BOSS, when finished, will cover an area of over 10, 000 deg2 (Fig. 2.7). The survey
aims at measuring the baryon acoustic oscillation signature10 in the correlation function
of galaxies and the quasar Lyman-α forest with unprecedented accuracy to improve con-
straints on the accelerated expansion of the Universe.
BOSS is carried out over 5 years (Fall 2009 - Summer 2014). Besides the above men-
tioned survey aim BOSS data can be exploited for a variety of other science. These
include (among others) constraints on clustering growth rates (White, Song & Percival,
2009) via redshift space distortions, evolution of matter clustering using weak lensing,
constraints on the mass profiles of early-type galaxies from strong lensing (Bolton et al.,
2008; Koopmans et al., 2009), constraints on the evolution and clustering of quasars,
10Baryon Acoustic Oscillations (BAO) are the imprint of propagating sound waves in the early Universe
on today’s baryonic matter distribution. In the early Universe sound waves of baryons and photons prop-
agated together. When matter (baryons) and radiation (photons) decoupled at the time of recombination
the baryonic sound wave signal was frozen into the matter distribution (creating overdensities) while the
photon sound wave continued to travel. The characteristic length scale of the imprinted baryonic sound
waves is 150 Mpc (measured for example by Cole et al., 2005; Eisenstein et al., 2005; Percival et al.,
2010).
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Figure 2.7: BOSS survey footprint. Each colour presents a superset, in the sense that it
contains the area of the colour before. Black refers to the first semester of data, green
to the data taken already, blue to the projected survey covered till the summer shutdown
and red to the final sky coverage of the survey. Credit: Cameron McBride.
etc.. Most importantly for this thesis, however, is the possibility to study the evolution of
massive galaxies between 0 ≤ z ≤ 0.7. In the following, we focus on this part of BOSS
only.
2.3.2 Galaxy Target Selection
The galaxy sample used in this thesis is a subsample of all objects targeted in BOSS and
covers observed galaxy data up to 22 July 2011. The galaxy target selection is carried
out via colour and apparent magnitude cuts using SDSS imaging (Fukugita et al., 1996;
Stoughton et al., 2002) in ugriz filter bands (see Fig. 3.2). For this all apparent magni-
tudes are based on SDSS cmodel magnitudes. When apparent magnitudes are combined
to a colour then SDSS model magnitudes11 are used following the recommendations on
the SDSS webpage12. Specifically, for BOSS there are separate selection criteria for low
(LOZ cut) and higher redshift (CMASS cut) galaxies following the approach of Eisen-
stein et al. (2001) for the selection of luminous red galaxies (LRGs) in the SDSS-I/II
survey. Both selection criteria make use of the following 3 colour definitions:
• c|| = 0.7× (g − r) + 1.2× (r − i− 0.18) (Cannon et al., 2006)
• c⊥ = (r − i)− ((g − r)/4)− 0.18 (Eisenstein et al., 2001)
• d⊥ = (r − i)− (g − r)/8
11Magnitude definitions are given in Chapter 3.
12http://www.sdss.org/dr7/algorithms/photometry.html
CHAPTER 2. GALAXY DATA SAMPLES 25
The focus lies on the three photometric bands gri to help decode a galaxy’s redshift and
nature (i.e. passive or star-forming galaxy and age of the galaxy). Most important for this
are location and strength of the 4000 A˚ break. The 4000 A˚ break wanders through these
three filter bands with increasing redshift (see Fig. 3.2 for a guideline on the positions of
the 4000 A˚ break at various redshifts). For galaxies with 0.1 < z < 0.4 the 4000 A˚ break
falls into g-band, hence g − r is a good redshift tracer for low redshift galaxies (redshift
increases with redder g− r). For galaxies with 0.4 < z < 0.7 the 4000 A˚ break lies in r-
band causing r− i colours to be red. Finally, for galaxies with z > 0.7 the 4000 A˚ lies in
i-band. In the g− r vs. r− i colour-colour plane the evolutionary tracks for star-forming
and passive galaxies overlap for z < 0.4 such that bluer (star-forming) galaxies with a
higher redshift and redder (passive) galaxies with a lower redshift occupy the same space
in the diagram (compare Fig. 2 in Eisenstein et al. 2001). The tracks separate for z > 0.4
such that passive (redder) galaxies show redder r− i for increasing redshift at nearly con-
stant g − r of ∼ 1.7 while for star-forming galaxies g − r remains bluer due to a weaker
4000 A˚ break and on-going star formation. Because d⊥ is dominated by the contribution
of r − i a line of constant d⊥ is almost horizontal in the g − r vs r − i colour-colour
plane (compare Fig. 2.9). Thus one can effectively select galaxies according to redshift
for z > 0.4. Star-forming and passive galaxies can then be separated using for example
c||. At low redshift c|| and c⊥ help to disentangle star-forming from passive galaxies (by
exploiting the rotated coordinate system of g − r and r − i, for definition and details see
Eisenstein et al. 2001).
Based on the colour definitions listed above, BOSS galaxies fulfilling the following cri-
teria pass the LOZ cut (also Cut I):
• r < 13.6 + c||/0.3
• |c⊥| < 0.2
• 16 < r < 19.5
Requirements for passing the CMASS cut (also Cut II) are:
• 17.5 < i < 19.9
• d⊥ > 0.55
• i < 19.86 + 1.60× (d⊥ − 0.80) (sliding cut)
The LOZ selection is aimed at luminous, massive galaxies in the redshift range between
0.2 and 0.4 using c⊥ and c||. The CMASS cut is designed to select galaxies with red-
shifts between 0.4 and 0.7 by restricting d⊥ > 0.55. Additionally, the cut in apparent
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Figure 2.8: d⊥-colour i-band magnitude diagram illustrating the BOSS CMASS target
selection. Everything within the indicated boxed region is selected via the CMASS
cut. A sample of AGES (Kochanek et al., 2004) galaxies for which we derived stellar
masses from SED-fitting are colour-coded by stellar mass and redshift. Only fits with
sufficiently low χ2ν are shown. Illustrated are also the evolutionary tracks of passively
evolving galaxies as a function of stellar mass and stellar population model: Salpeter
IMF M09 SSP of logM∗ = 11.25 (cyan), Salpeter IMF M05 SSP of logM∗ = 11.25
(blue), Chabrier IMF M05 SSP of logM∗ = 11.25 (purple), Salpeter IMF M05 SSP of
logM∗ = 11.5 (green), Kroupa IMF M05 SSP of logM∗ = 11.5 (yellow), Salpeter IMF
M05 SSP of logM∗ = 11.75 (red) and of mass logM∗ = 12 (dark red). All M05 SSPs
are of solar metallicity, the M09 SSP is 97% solar metallicity and 3% metal-poor (see
Chapter 3 for details). These tracks start at z ≈ 0.7 such that at z = 0 an age of ∼ 13
Gyr is reached.
i-band magnitude and the sliding cut aim at selecting galaxies with roughly constant stel-
lar mass (see also Eisenstein et al., 2011; White et al., 2011). In order to achieve a
selection of nearly constant mass the evolutionary track of a passively evolving galaxy of
a given mass based on the Maraston et al. (2009) stellar population model served as guide
(solid lines in Fig. 2.8). In particular, we tested how the slope of the sliding cut in Fig.
2.8 changes with model parameters, such as IMF and stellar population model. In order
CHAPTER 2. GALAXY DATA SAMPLES 27
0.5 1.0 1.5 2.0 2.5
(g-r)
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
(r-
i)
Cut II LRGs
d⊥>0.55
(g-i)>2.35
c||>1.6
Early
Edge-on disc
Other spiral
Star
Figure 2.9: Fig. 4 of Masters et al. (2011) of the g−r vs r−i colours for a sub-sample of
BOSS galaxies for which COSMOS HST imaging is available. Symbols are encoded by
galaxy morphology - early-types (red dots), late-types (blue spirals), stars (black stars)
and edge-on spirals (green). The dashed line represents d⊥ = 0.55, the colour selection
criterium for CMASS galaxies. Galaxies above this line are selected as CMASS. The
solid line illustrates a colour cut with g − i = 2.35 which divides early and late-type
galaxies in the BOSS CMASS cut. The dot-dashed line shows the c|| > 1.6 colour
cut which defines LRGs in the 2SLAQ survey (Cannon et al., 2006). The grey-shaded
region shows the Cut II LRG sample used in Eisenstein et al. (2001) in SDSS-I/II. Red
and blue grids illustrate the tracks of theoretical models for passive (red) and constantly
star-forming (blue) galaxies in a redshift range of 0.4 < z < 0.7. The grid shows steps
of 0.01 in redshift and 1 Gyr in age ranging from 4 to 8 Gyr.
to confirm the constant mass assumption we determined stellar masses via SED-fitting of
a sample of AGES (Kochanek et al., 2004) galaxies covering the same redshift range as
BOSS. These tests contributed to the adjustment of the slope of the sliding cut as listed
above.
Because the BOSS galaxy target selection does not contain a strong restriction on the
g − r colour all types of galaxies (early-type/red and late-type/blue) are selected as long
as they are massive. For example, for galaxies at z > 0.4 the observed g − r colour
is close to the rest-frame u − g colour and thus a blue g − r colour reflects star forma-
tion and a red g − r colour a passive nature. However, we already pointed out in the
Introduction that early-type galaxies are generally more massive than late-type galaxies.
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Consequently, the majority of galaxies in BOSS is expected to be early-type. This is con-
firmed for CMASS galaxies in Fig. 2.9 which shows a sub-sample of BOSS galaxies
imaged with HST in the COSMOS field enabling morphological classification (Masters
et al., 2011). About 75% of the galaxies in this sub-sample are of early-type. In particu-
lar, Masters et al. (2011) find that a colour cut placed at g − i = 2.35 works very well in
dividing CMASS galaxies by morphology.
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Figure 2.10: Redshift distribution of a subsample of BOSS main sample galaxies ob-
served by 22 July 2011 (total number of 423,937 galaxies) used in this thesis. The red
histogram marks the redshift distribution of the CMASS galaxies within that sample
(total number of 323,920 galaxies). As expected galaxies above z = 0.5 are selected via
the CMASS cut.
In order to select the cleanest sample of galaxies we additionally require the following
SDSS-internal data flags to be true:
• specprimary = 1 (defines a unique sample of objects, only primary observation
of object is used, repeats are excluded)
• classified as GALAXY
• z warning = 0 (ensures a reliable redshift estimate)
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Redshifts were determined through the SDSS pipeline (Stoughton et al., 2002). The red-
shift distribution of the BOSS galaxies used in this thesis is shown for the total and for
the CMASS selection separately in Fig. 2.10.
The galaxy targeting algorithm of BOSS is described in more detail in Padmanabhan et
al., (in prep.). Details about the BOSS data can be found in the DR8 overview paper
(Aihara et al., 2011) and about SDSS itself in the next section.
2.4 Galaxies in the Sloan Digital Sky Survey Data Re-
lease 7
2.4.1 SDSS - The Sloan Digital Sky Survey
The Sloan Digital Sky Survey (SDSS13, York et al., 2000) is the largest galaxy, quasar
and star survey undertaken so far. SDSS started in 2000. The initial survey (now called
SDSS-I) finished in 2005 and was continued for another three years (called SDSS-II).
SDSS-III is the third iteration of SDSS, running from 2008 to 2014, and comprises the
BOSS survey which we introduced in the previous section. The area mapped by SDSS
(entire survey) photometrically in ugriz filter bands and spectroscopical follow-up cov-
ers more than one quarter of the entire sky, mostly in the northern hemisphere. Data
collected by the SDSS survey is released publicly once a year. The latest data release
before the start of SDSS-III is the Data Release 7 (hereafter DR7, Abazajian et al., 2009)
which contains images, spectra, imaging catalogues and redshifts. The imaging and spec-
troscopic footprint are shown in Fig. 2.11.
Figure 2.11: SDSS DR7 survey footprint. Left: Imaging footprint. Right: Spectroscopic
footprint. Source: http : //www.sdss.org/dr7/coverage/index.html
13http://www.sdss.org/
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Figure 2.12: Large scale structure with SDSS DR7. Source: http :
//www.sdss.org/legacy/index.html
SDSS DR7 data contains spectra of more than 930,000 galaxies, 120,000 quasars and
225,000 stars. Observations (imaging and spectroscopy) were carried out with the Sloan
telescope (Gunn et al., 2006) at Apache Point Observatory, New Mexico, using a mirror
of 2.5 m and specialised instruments (CCD camera, Gunn et al. 1998, and multi-object
fibre spectrographs, Uomoto et al. 1999). All data is analysed via the automated survey
pipeline which encompasses image reduction (sky subtraction, flatfielding, image de-
fect corrections), coordinate measurements and shape and flux measurements (Stoughton
et al., 2002). Fluxes are transferred to magnitudes as described in Chapter 3. Extinction
corrections for galactic extinction are provided using the Schlegel, Finkbeiner & Davis
(1998) dust maps. By mapping such a large number of objects spectroscopically a 3-
dimensional map of the local Universe (out to redshift ∼ 0.15) was be obtained (Fig.
2.12) which shows the large scale structure in form of overdensities, filaments and voids
which we described in the Introduction.
2.4.2 Galaxy sample selection
In this thesis we use a sub-sample of the DR7 data. Via the Catalogue Archive Server
(CAS14) we assemble the photometry and spectroscopic redshifts from the PhotoPri-
mary and SpecObjAll tables for objects that are contained in both tables (identified by
14http://cas.sdss.org/astrodr7/en/
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the spectroscopic object ID), which are classified as galaxies (specclass = 2) and for
which redshifts are reliable (z warning = 0). The redshift distribution of the sample of
galaxies used in this thesis is shown in Fig. 2.13.
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Figure 2.13: Redshift distribution of DR7 galaxies analysed in this thesis. See text for
details about the selection criteria for this data sample.
Chapter 3
Spectral energy distribution fitting
In the previous chapter we introduced the data samples that are analysed in this thesis.
In this chapter we focus on the method that is applied throughout this thesis to derive
the stellar population properties of these galaxies. Firstly, we introduce the concepts of
redshift and magnitudes. Then we summarise the variety of methods that are used in
the literature to decode the stellar content of galaxies. Finally, we turn our attention to
the method employed in this thesis - the spectral energy distribution (SED) fitting by
describing the fitting code and model templates used in detail.
3.1 Redshift
We briefly described the Doppler Effect in the Introduction. The Doppler Effect describes
how the emitted light of a galaxy that moves away from us is stretched out on its way
to us and causes the galaxy to appear redder when it is observed - the light is redshifted.
Redshift is then defined as
z =
λobs − λemit
λemit
(3.1)
where λobs is the observed wavelength and λemit is the emitted wavelength. In a cosmo-
logical framework redshift is caused by the expansion of the Universe and is therefore a
function of the object’s distance from us (Hubble, 1929).
Redshifts can be measured in two different ways - spectroscopically and photometri-
cally. Spectroscopic redshifts are obtained from the comparison between the position of
observed (redshifted) spectral features, such as breaks, absorption and emission lines, in
the spectra of galaxies and their rest-frame (unredshifted) position. Redshifts are deter-
mined most accurately spectroscopically but this method relies crucially on the S/N of
the spectra. Thus the fainter and more distant a galaxy is, the more time consuming and
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difficult it is to get a good quality spectrum. Moreover, the most commonly used spec-
tral features to determine spectroscopic redshifts move out of the observable region at
z ∼ 1.5, leaving observers with little reference lines for the redshift determination (see
Renzini & Daddi, 2009, for a summary).
Thus, in order to obtain larger samples and probe the high-redshift regime redshifts are
more commonly determined photometrically. This method relies on the identification
of strong spectral features, such as the Lyman-break at 912 A˚ and the 4000 A˚ break,
and the overall spectral shape, the SED. Photometric redshifts are determined either via
template fitting or empirical training sets. A variety of codes for the determination of
photometric redshifts are publicly available to carry out this task (e.g., Benı´tez 2000,
HyperZ by Bolzonella, Miralles & Pello´ 2000, ANNZ by Firth, Lahav & Somerville
2003, IMPZ by Babbedge et al. 2004, LePhare by Ilbert et al. 2006, ZEBRA by Feldmann
et al. 2006, EAZY by Brammer et al. 2008, GalMC by Acquaviva, Gawiser & Guaita
2011). Template fitting compares model SEDs to the data and the SED with the best fit
determines the redshift (pioneered by Baum, 1962). We will explore this method in more
detail in Section 3.3. Empirical training set techniques rely on a large set of galaxies
with known colours and spectroscopic redshifts from which a relation between observed
colour and redshift is inferred and then used to obtain redshifts for galaxies for which
only colour information is available (Connolly et al., 1995; Brunner et al., 1997; Wang
et al., 1998).
3.2 Magnitudes
Besides observing a spectrum, information about the shape of a galaxy’s SED can also
be obtained via photometry by observing a galaxy in specific confined regions (so called
filter bands, see Fig. 3.2) of the electromagnetic spectrum. The flux of an object in a
specific filter band can then be transformed into the so-called apparent magnitude of the
object in that filter band. The apparent magnitude (m) in a filter band is defined as
mV ega = −2.5× log
∫
Fν × Sν × dν∫
Fν(V ega)× Sν × dν
(3.2)
where ν is frequency, Fν is the flux of the object in ergs/s/cm2/Hz, Sν is the instrumental
response (filter band transmission curve, CCD and telescope) and Fν(V ega) is the flux
of the star Vega in ergs/s/cm2/Hz. This magnitude system was chosen such that the
apparent magnitudes of the reference star Vega are zero in all filter bands. An alternative
magnitude system is the AB system (Oke, 1974) in which an object with constant flux
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(i.e. a flat energy distribution) has the same apparent magnitude in all filters and therefore
all colours are zero. AB magnitudes are defined as
mAB = −2.5 × log
∫
Fν × Sν × dν − 48.6. (3.3)
Conversions from one magnitude system to the other are obtained via the AB magnitudes
of Vega. In both systems smaller values for magnitudes correspond to brighter objects.
The origin of the magnitude definition stems from the historic classification of stars into
six equally spaced classes of brightness (1st magnitude as the brightest class, 6th magni-
tude as the faintest class which includes stars that are just bright enough to still be visible
with the naked eye) as defined by Greek astronomers. The transformation from flux into
magnitudes follows the suggestion of Pogson (1856) such that 5 magnitudes difference
relate to a factor of 100 in flux. The colour of an object is simply defined as the difference
of the magnitudes in two filter bands.
Since apparent magnitudes depend on the distance of the object from us, another defi-
nition of brightness is needed to ease the direct comparison between objects at various
distances. Thus absolute magnitudes are defined as the apparent magnitude an object
would have at a standard distance of 10 pc. With the inverse square law connecting fluxes
and distances1 we can then express the absolute magnitude as function of the apparent
magnitude as
M = m+ 2.5× log(
f
F
)− A−K − e (3.4)
= m− 5× log(d) + 5−A−K − e. (3.5)
The factor A corrects for the interstellar extinction. Light travelling through our own
galaxy is affected by the interstellar medium (gas and dust) such that light is scattered
and absorbed. How strong this effect is depends on its wavelength, e.g. blue wavelengths
are scattered more than red wavelengths. K (the K-correction, e.g. Hogg et al. 2002)
corrects for redshift effects between the true distance d of the object and the standard dis-
tance of 10 pc. e describes the evolutionary correction. Additionally to the K-correction
one has to account for the evolution in galaxy colour with time, i.e. the fact that galaxies
at higher redshifts are younger than those at lower redshifts. Both the K- correction and
the evolutionary correction are determined through stellar population models.
1f = (D
d
)2F where f is the flux that would be observed if the object were at distance d and F is the
flux of the object if it is at distance D (=10 pc for absolute magnitudes).
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SDSS magnitudes
Within the SDSS survey a different definition of magnitude was chosen in order to ac-
commodate fainter objects with low S/N ratios and possible negative fluxes after pipeline
processing (Lupton et al., 1999). In this definition the logarithm is replaced by an inverse
hyperbolic sine such that
m =
−2.5
ln(10)
× (asinh(
f
f0
/2b) + ln(b)) (3.6)
where b is a softening parameter which reflects the typical one sigma noise of the sky in
an PSF aperture at 1” seeing and f0 is the flux of an object with the classical magnitude
of zero. b (∼ 10−10) is dimensionless and measured relative to f0. Above a flux of 10×f0
(∼ 22 mag) the classical and ’asinh magnitude’ differ by less than 1% 2.
In order to measure the total flux (and magnitude) of galaxies in a specific filter band
as accurately as possible the surface brightness profile has to be modelled. In the SDSS
survey two profiles are employed for this. Firstly, the intensity I as a function of radius r
for an exponential profile is defined as
I(r) = Ie × exp(−1.68(
r
re
)) (3.7)
and secondly, for a De Vaucouleurs (de Vaucouleurs, 1948) profile as
I(r) = Ie × exp(−7.67(
r
re
)
1
4 ) (3.8)
where re is the effective radius and Ie the surface brightness at re. The flux for the so-
called model magnitudes is then determined via the best fit of the two surface brightness
profile fits to the 2-dimensional image for each object in the r filter band. The flux in
every other band is obtained by using the best fit model from the r-band fit and only
allowing the amplitude to vary. Thus the flux in each band is measured through apertures
of similar size which enables an unbiased estimate of colours. The flux for the so-called
cmodel magnitudes is determined from the linear combination of the two profile fits in
each band. In the following we will use model magnitudes for colour-measurements and
cmodel magnitudes for absolute brightness measurements when dealing with BOSS or
SDSS data3.
2See http : //www.sdss.org/dr7/algorithms/fluxcal.html#asinh table for values of b and mag-
nitude limits.
3More details about the different magnitude definitions within SDSS can be found at
http : //www.sdss.org/dr7/algorithms/photometry.html.
CHAPTER 3. SPECTRAL ENERGY DISTRIBUTION FITTING 36
3.3 SED-fitting with HyperZ and HyperZspec
Recent reviews by Walcher et al. (2011) and Maraston (2011a) give overviews of differ-
ent methods for the derivation of stellar population properties of galaxies and their pros
and cons. In this section, we describe the SED-fitting method based on template fitting
which is employed throughout this thesis to determine the stellar population properties
of galaxies. The SED-fitting in this thesis is carried out using the HyperZ and Hyper-
Zspec codes of Bolzonella et al. (2000). We start by introducing the general method and
the workflow within HyperZ and HyperZspec, and then describe the variety of fitting
parameters.
3.3.1 χ2 minimisation
SED-fitting is based on the comparison between theoretical (or empirical) template spec-
tra and observed broad-band magnitudes. We use HyperZ (Bolzonella et al., 2000) and
a modified version of the code in which redshift can be fixed at its spectroscopic value
for each object, called HyperZspec (M. Bolzonella, private communication). The fitting
method is based on a χ2 minimisation. χ2 is defined as
χ2 =
Nfilters∑
i=1
[
Fobs,i − b× Ftemp,i
σi
]
2
(3.9)
in which Fobs,i and Ftemp,i are the observed and template fluxes in filter i, σi is the photo-
metric uncertainty and b is a normalisation factor. The reduced χ2ν is defined as
χ2ν =
χ2
ν
(3.10)
with ν as the number of degrees of freedom. The χ2ν is computed for each combination
of fitting parameters (see Section 3.3.4) and for templates covering a broad range of star
formation modes, ages and metallicities. The combination of parameters that provides
the minimum χ2ν is the best-fit solution.
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Figure 3.1: Illustration of the workflow within the HyperZ-code (Bolzonella et al., 2000).
Source: Fig. 6 from HyperZ-manual. (http://webast.ast.obs-mip.fr/hyperz/manual.html)
3.3.2 Fitting procedure
In order to derive the χ2ν several steps have to be taken first. On the one hand, observed
spectral energy distributions provided by the user in the form of broad-band filter magni-
tudes are treated in the following way:
• Observed apparent magnitudes, errors on magnitudes, limiting magnitudes (of the
survey) and filter curves are read in.
• Observed apparent magnitudes get corrected for galactic reddening E(B − V ) (if
required) following the reddening law of Allen (1976) for the Milky Way.
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• These are then translated into fluxes (Fobs).
On the other hand, fluxes (Ftemp) in the required filter bands for the synthetic SEDs
(described in Section 3.4) as provided by the user (we discuss the template SEDs used in
this thesis in Section 3.4) are yield by the following steps:
• Template SEDs are read in.
• Internal dust reddening is applied to each template SED following one of six red-
dening laws (see next section) covering the required, user-defined range in redden-
ing in the user-defined step size.
• Lyman-α forest absorption is added to each template SED following the prescrip-
tion by Madau (1995).
• Then each SED is redshifted to every redshift within the user-defined range accord-
ing to the user-defined redshift step. In HyperZspec each SED is only redshifted to
the spectroscopic redshift for each object.
• Then the obtained SED is convolved with each filter band provided for the obser-
vations.
Then the χ2ν is computed as defined in Eqs. 3.9 and 3.10. The best fit solution yields
the galaxy age, star formation law, metallicity and dust reddening. When HyperZ is used
instead of HyperZspec then the photometric redshift, confidence levels for the redshift
and the photometric redshift of the secondary solution are given as well. The workflow
is illustrated in Fig. 3.1. An example for such a fit is shown in Fig. 1.9 in which two best
fits to the same multi-wavelength data points using different fitting setups are presented.
Furthermore, Fig. 1.9 illustrates the degeneracies, such as the age-dust degeneracy, one
has to overcome in order to obtain robust results.
3.3.3 Filter curves
Although the HyperZ-package includes a variety of filter curves we chose to use our own
response curves as input throughout this thesis to ensure consistency with the simulations
and the SDSS data. Some of them are illustrated in Fig. 3.2. The upper panel of filter
response curves refers to the filters used for the simulated galaxies ranging from the rest-
frame optical to the far-IR. The bottom panel shows the SDSS filter curves for ugriz.
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Figure 3.2: Filter curves used for data and fitting in this thesis. The filter curves for UB-
VRIJHK and IRAC channel 4 are normalised to a throughput of 1 at the peak throughput.
All other filter curves are not normalised. Dashed black lines show the position of the
4000 A˚ break at z = 0, 0.5, 1, 2 and 3, from left to right, respectively. Dotted black lines
show the position of the Lyman-break (912 A˚ rest-frame) at redshift 2 and 3 from left to
right, respectively.
3.3.4 Fitting parameters
In this section we address the number of free parameters within the two fitting codes
available to the user. We start with the free parameter unique to HyperZ, photometric
redshift, and then cover the parameters which can be changed in both codes. Examples
for parameter files as used in Chapter 4 and 5 are given in Appendix A.
As redshift is a free parameter in HyperZ, not only the range of redshift can be defined
but also the stepsize. The given stepsize will internally be refined by a factor of 10 around
the minimum χ2ν . In this thesis redshifts between 0 and 6 in steps of 0.05 are considered
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Figure 3.3: Reddening laws used in HyperZ and HyperZspec. Each reddening law is
normalised to k(B)− k(V ) = 1. Source: Fig. 4 from HyperZ manual.
when fits are carried out with HyperZ.
HyperZ and HyperZspec provide various empirically-derived laws to treat galaxy internal
reddening. These are
• Milky Way (MW) by Allen (1976)
• MW by Seaton (1979)
• Large Magellanic Cloud by Fitzpatrick (1986)
• Small Magellanic Cloud by Prevot et al. (1984)
• Calzetti’s law for local starburst galaxies (Calzetti et al., 2000)
• no reddening.
The different laws (apart from the no reddening option) are shown in Fig. 3.3. The user
is able to choose not only the type of reddening law but also the range and stepsize for the
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reddening in form of the visual attenuation AV . AV is then translated into a dust-screen
model via
fobs = fintrinsic(λ)× 10
−0.4×Aλ (3.11)
with fobs as the observed flux, fintrinsic as the intrinsic flux of the object without dust
attenuation and
Aλ = k(λ)× E(B − V ) (3.12)
E(B − V ) = AV /RV (3.13)
where E(B − V ) is the colour excess and RV takes values of 2.72 (for the SMC law),
3.1 (for MW laws and LMC law) and 4.05 (for the Calzetti law). When dust reddening
is included in the fit, we let AV vary from 0 to 3 mag in steps of 0.2 mag. We carry
out fits for all reddening laws and then choose the best fit among them. The remaining
free parameters are all encoded within the user-specific template set. These are age, star
formation mode, metallicity, initial mass function (IMF) and stellar population model.
We will discuss these in the next section.
3.4 Model templates
Since the properties of galaxies are determined by using the observed light emitted by the
stars within each galaxy, one can compare the data to either empirical spectra of galax-
ies or to model spectra. By default two sets of templates are included in the HyperZ
code package. One set comprises the empirical templates of Coleman, Wu & Weedman
(1980) which are based on local galaxies of early and late-type galaxies. The drawback
when working with local galaxy spectra as templates is that although they might repre-
sent the local galaxy population very well, they could be a complete mismatch to the
galaxy population at higher redshift because of their restricted parameter range. Further-
more, galaxies at higher redshift will be younger. The other template set is based on the
synthetic stellar population models of Bruzual A. & Charlot (1993). The advantage of
model spectra is that they can be created within a large range of parameters.
In recent years, a variety of different stellar population models are used in the literature
(Bruzual A. & Charlot, 1993; Maraston, 1998; Bruzual & Charlot, 2003; Maraston, 2005,
Charlot & Bruzual, 2007, in prep.). Most commonly used are the models of Bruzual &
Charlot (2003, hereafter BC03) and Maraston (2005, hereafter M05). The basis for these
model spectra are simple stellar populations (SSPs), consisting of chemically homoge-
neous and coeval stars of different stellar masses distributed according to an initial mass
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function (IMF). The templates used in this thesis are based on the simple stellar popula-
tion models of M05 which we describe in more detail in the next section.
3.4.1 Simple stellar populations by Maraston 2005
The light emitted by a SSP at different ages can be computed using two approaches - the
Isochrone Synthesis (Charlot & Bruzual, 1991; Bruzual A. & Charlot, 1993; Bruzual &
Charlot, 2003) and the Fuel Consumption Theorem (Renzini & Buzzoni, 1986; Maraston,
1998, 2005). SSPs of M05 make use of the latter. The Isochrone Synthesis is based on
the integration of the flux contributions along a single isochrone for all masses under the
assumption of an IMF. The integration covers all mass bins from a lower limit to an upper
limit in mass given by the isochrone itself. This usually covers the stellar evolutionary
phases up to the early asymptotic giant branch (E-AGB) whereas later stellar evolution-
ary phases are added using other recipes (e.g. Charlot & Bruzual, 1991). Including the
contribution of all stellar evolutionary phases is difficult because of persisting uncertain-
ties in stellar evolution, e.g. mass loss during some of the phases. Therefore M05 models
only make use of the Isochrone Synthesis for the luminosity contribution of main se-
quence (MS) stars using the stellar evolutionary tracks of Cassisi et al. (1997), Cassisi
et al. (1997) and Cassisi et al. (2000, hereafter Cassisi tracks), those of Schaller et al.
(1992), Meynet et al. (1994, hereafter Geneva tracks) for very young SSPs and those of
Girardi et al. (2000, hereafter Padova tracks) for the highest metallicity.
For post-main sequence (PMS) stars the Fuel Consumption Theorem is used. Here, the
luminosity contribution of each stellar evolutionary phase is calculated by the amount
of hydrogen and/or helium, the so-called fuel, burned by nuclear fusion within the stars.
The fuel of each phase is directly proportional to the contribution of the stellar evo-
lutionary phase to the total luminosity. Furthermore, the Fuel Consumption Theorem
provides analytical relations between the main sequence and post-main sequence stel-
lar evolution. Thus, including later and short-lived stages of stellar evolution, such as
the thermally-pulsing asymptotic giant branch (TP-AGB) phase, is easier than with the
Isochrone Synthesis. Bolometric luminosities are then converted into spectral energy
distributions using transformations between colours/spectra and bolometric corrections
(Maraston, 1998, M05).
The contributions of various stellar evolutionary phases to the total luminosity is shown in
Fig. 3.4 for various filter bands and stellar population ages. In optical filter bands (UBV-
bands) the main sequence is the largest contributor at all ages. Stars in the TP-AGB phase
dominate the luminosity in the near-IR (K-band) for ages around 1 Gyr where this phase
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Figure 3.4: Contributions of various stellar evolutionary phases to the luminosity as
Lphase/Ltotal (y-axis) in various filter bands (U to K from top right to bottom left) as
a function of stellar population age. The stellar phases are distinguished by line type.
Source: Fig. 11 from Maraston (1998).
contributes up to 80% (and up to 40% to the total bolometric luminosity). Thus accurate
modelling and calibration of this phase is crucial. M05 calibrate their models using glob-
ular cluster data because globular clusters closest resemble simple stellar populations.
Naturally, galaxies contain more than one simple stellar population due to e.g. longer
lasting and on-going star formation or starbursts triggered by galaxy interactions. Thus,
depending on the star formation history of a galaxy, stellar populations of various ages
and stars in all stages of stellar evolution can be present at any redshift. Hence, the inclu-
sion of the most luminous stellar phases although their duration might be short, such as
the TP-AGB phase, in the models is crucial for the fitting of galaxies in order to obtain
robust results.
M05 explore also the effect of various metallicities in the models. Metallicity (Z) de-
scribes the proportion of an object’s elements which are heavier than hydrogen and he-
lium, e.g. the metallicity of the sun is Z⊙ = 0.02 because the sun is made up mostly
CHAPTER 3. SPECTRAL ENERGY DISTRIBUTION FITTING 44
of hydrogen and helium. Heavier elements are then referred to as metals. In summary,
M05 find that SSP luminosities decrease with increasing metallicity because the amount
of fuel is smaller and the opacity higher. This also means that the M∗/L-ratio (mass-to-
light ratio) decreases with decreasing metallicity.
The effect of different initial mass functions (IMF) on the stellar population models man-
ifests itself in the varying number of high and low-mass (short and long-lived) stars con-
tributing to a SSP because the IMF defines the mass distribution of stars in a newly
formed SSP. The simplest parametrisation of the IMF is in form of a power law with
exponent x such that the number of stars decreases with increasing mass. The most
commonly used IMF is a Salpeter (1955) IMF with slope x = 1.35. More recent ef-
forts and measurements of the IMF in the Milky Way suggest a turnover at lower masses
(around 1 M⊙) which can be modelled with a broken power law (Kroupa, 2001; Chabrier,
2003). M98 showed that integrated colours remain nearly independent of the IMF slope
in the optical. In the near-IR and for old ages, dwarf-dominated IMFs (steeper slope than
Salpeter, x = 2.5) show redder colours than a Salpeter IMF because of the larger number
of long-living low-mass stars. M∗/L-ratios are affected by the choice of IMF such that
the M∗/L-ratio is lowest for a Salpeter IMF. Dwarf-dominated and top-heavy IMFs (flat-
ter slope than Salpeter) have larger M∗/L-ratios because of larger numbers of low-mass
stars and heavy remnants, respectively. An IMF described by a broken power law such
that the number of low-mass stars is decreased in comparison to a Salpeter IMF has a
smaller M∗/L-ratio at older ages. Since the IMF is a free choice in population synthesis
models, we adopt the most commonly used IMFs in the literature (Salpeter, Kroupa and
Chabrier) in combination with the M05 SSPs throughout this thesis and show their effect
on the derived galaxy properties (Chapters 4, 5 and 6).
However, many parts of stellar evolution that affect the broad-band colours of the SED
and that are therefore important for studies of galaxies with the help of stellar population
models are not yet fully understood and still discussed in the literature. The most im-
portant ones are stellar mass loss, convective overshooting and the mixing length. Mass
loss in PMS phases is poorly understood because mass loss has not yet been related to
basic stellar parameters. Hence, stellar tracks cannot predict mass loss and one has to use
parametrisations and rely on calibrations with data. M05 adopt an empirical prescription
for the mass loss during the RGB phase and an efficiency parameter depending on age
and metallicity. They found good agreement with MW globular cluster data (Maraston
& Thomas, 2000; Maraston et al., 2003).
The stellar tracks adopted in M05 do not contain convective overshooting. This is moti-
vated by results from Ferraro et al. (2004) for Large Magellanic Cloud globular clusters.
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The main effect of convective overshooting is a slowed down evolution. For example,
the onset of the RGB is delayed by 0.3 Gyr in comparison to the classical tracks without
overshooting (compare also Fig. 7 in M05) which results in a SSP that is 40% more
luminous around 1 Gyr.
Finally, the mixing length parameter, which describes the efficiency of the convective
energy transfer in stars and thus affects stellar effective temperatures, needs calibration
with observations because its connection with other stellar parameters is unknown. The
Cassisi tracks which are used in the M05 models adopt a mixing length such that the mix-
ing length decreases with metallicity (Salaris & Cassisi, 1996). In the Padova tracks the
mixing length parameter for solar metallicity is assumed for all metallicities resulting in
a cooler RGB at higher metallicities and a warmer RGB at lower metallicities compared
to the Cassisi tracks (see Fig. 9 in M05).
Overall M05 find that the differences between stellar population models in the literature
are larger than those between different stellar tracks in their code.
In the following section we will discuss the differences between various stellar population
models.
3.4.2 Differences between M05 and BC03
In the last decade most comparisons between observed galaxy data and model spectra
were carried out using models that were based on the SSPs of Bruzual A. & Charlot
(1993) and more recently those of Bruzual & Charlot (2003, hereafter BC03). In this
section we point out differences between these stellar population models and the models
of M05 which we described in the previous section and which we use throughout this
thesis.
The main differences between the BC03 and M05 models are:
• the approach to compute the light emitted by a SSP - Isochrone Synthesis for BC03
models, Fuel Consumption Theorem for M05 models
• contribution of the TP-AGB phase - not included in BC03 models, included in M05
models
• the stellar evolutionary tracks - Padova tracks including overshooting for BC03
models, Cassisi tracks without overshooting for M05 models.
We already discussed the effects of the different stellar tracks as analysed by M05 in the
previous section. In summary, stellar evolution is delayed when Padova tracks are used
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Figure 3.5: Left: SEDs of 1 Gyr old, solar metallicity SSPs from different stellar popu-
lation models. Shown are as red thick solid line the M05 model including the TP-AGB
treatment, as red thin solid line the M05 model without the TP-AGB, as black dotted line
the BC03 model, as dashed line the Pegase (Fioc & Rocca-Volmerange, 1997) model and
as long-dashed, short-dashed line the Starburst99 model (Va´zquez & Leitherer, 2005).
Source: Fig. 18 from Maraston (2005). Right: SED-fit to Magellanic Cloud globular
cluster data (black dots) with various stellar population models: M05 in red, BC03 in
blue, Pegase in green. Open circles reflect predicted broad-band magnitudes from the
M05 model. Source: Adapted Fig. 19 from Maraston (2005).
such that stars remain on the MS for longer and the onset of the RGB phase occurs later.
Furthermore the different mixing lengths assumed in the stellar tracks of Padova result
in a warmer/cooler RGB at lower/higher metallicity for the BC03 models. This is the
dominating effect for old stellar populations.
Most importantly, however, is the inclusion of the TP-AGB phase which, as elucidated in
the previous section, has a significant impact on the luminosity at near-IR wavelengths
although only for a limited age range between ∼ 0.2 and 2 Gyr. Fig. 3.5 shows the
SED of a 1 Gyr, solar metallicity SSP of different stellar population models. The differ-
ence between models including the TP-AGB phase (M05, red thick solid line) and those
without proper treatment of the TP-AGB phase (BC03, Fioc & Rocca-Volmerange 1997,
Va´zquez & Leitherer 20054, dotted and dashed lines, respectively, and M05 without TP-
AGB as red thin solid line) is striking. Particularly, models with the TP-AGB treatment
are much brighter in the rest-frame near-IR (λ ≥ 1µm). M05 fitted their SSPs to globular
clusters in the Magellanic Clouds and found good agreement. An example is shown on
the right-hand side of Fig. 3.5.
The difference between the stellar population models also manifests itself in the M∗/L-
ratio, especially in the rest-frame near-IR (K-band in Fig. 3.6). Here the M∗/L is larger
4All of these three models use Padova tracks.
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Figure 3.6: Mass-to-light (M∗/L)-ratios for a solar metallicity, Salpeter IMF SSP in
various filter bands (bolometric luminosity and luminosity in BVK-bands, top right to
bottom left, respectively) as a function of stellar population age and stellar population
model (distinguished by line type). Source: Fig. 24 from Maraston (2005).
for BC03 models for ages in which the TP-AGB dominates because this phase is lacking
in the models. At older ages the M∗/L is smaller because of the cooler RGB. The bolo-
metric M∗/L-ratios of BC03 models are generally higher than those of the M05 models
for intermediate and old ages due to the later onset of the RGB in the Padova tracks.
Since globular clusters are the closest counterparts of SSPs they are useful to test SSP
models. Galaxies, however, as described above, may require more complex star forma-
tion histories which we will focus on in the next section.
3.4.3 Composite stellar populations
On the basis of a simple stellar population (or a set thereof), models with more complex
star formation histories than a single burst can be created. Such models are referred
to as composite stellar population (CSP) models. Basically any star formation history
(SFH) can be created by adding up SSPs of different ages. The most commonly used
SFHs besides the single burst scenario are exponentially declining star formation rates
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motivated by the use with local elliptical galaxies. Exponentially declining SFRs are
parametrised as
SFR = A× exp−(t−t0)/τ (3.14)
where SFR starts at a cosmic time t0 and A = SFR(t = t0). For a galaxy at cosmic time
t the age derived from the best fit is then defined as t − t0, i.e. the time elapsed since
the beginning of star formation. Constant SFRs can be expressed using very large values
of τ (> 20 Gyr). Maraston et al. (2006, hereafter M06) also used models with truncated
SFRs, meaning constant star formation for a certain time period which is then shut off.
It has recently been suggested that the SFHs of high redshift galaxies might show an in-
crease in SFR rather than a steady decline (Cimatti et al., 2008; Renzini, 2009; Gonza´lez
et al., 2010; Maraston et al., 2010). For this purpose M10 (Chapter 6, Section 6.1) intro-
duced composite stellar populations with exponentially increasing SFR expressed equiv-
alent to Eq. 3.14 as
SFR = A× exp+(t−t0)/τ . (3.15)
We further motivate and use these templates in Chapter 4 and Chapter 6, Section 6.1.
Several codes are available to us for the production of composite stellar population (CSP)
models. Firstly, the private code of M05 with which several CSP models, in particu-
lar τ and inverted-τ models, were created. These are publicly available in the form of
simple ASCII files at http://www.icg.port.ac.uk/∼maraston/. We transformed these into
the format required by HyperZ using codes developed by M05.5 Secondly, the routine
csp galaxev in the galaxev-code package by BC03 is the most popular choice in the liter-
ature because, once installed, the routine is ready-to use with any input SSPs (as long as
they are provided in the same format as the BC03 SSPs) to create CSPs. In each case, the
convolution integral of the SSP with the SFH is calculated requiring the interpolation of
the SEDs at each age. This can, when not carried out carefully, be a significant source for
error. Most CSP templates used in this thesis (apart from those used in Chapter 6) have
been processed via the csp galaxev routine for consistency with the literature. Due to
the availability of both codes, of M05 and BC03, for creating CSPs we are in the unique
position to investigate the more technical aspect of the importance and impact of the
SFH-code on the derivation of the galaxy physical properties. Results are summarised in
Appendix E.
5These models are available upon request.
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3.4.4 Models for luminous red galaxies
So far the stellar population models described were based on spectra of theoretical stellar
libraries and stellar atmospheres (Lejeune et al., 1997). More recent efforts have been
undertaken to introduce empirical stellar libraries into the models (Maraston et al. 2009,
Maraston et al. 2009, hereafter M09, and Maraston & Stro¨mba¨ck 2011, in press). For this
exercise a number of empirical libraries are available (Pickles, 1998; Le Borgne et al.,
2003; Sa´nchez-Bla´zquez et al., 2006; Prugniel et al., 2007) which differ in wavelength
coverage, resolution and metallicity coverage.
Figure 3.7: (r−i) and (g−r) colours of SDSS-II LRGS as function of redshift and stellar
population model. Black dots reflect a subsample of the SDSS-II LRGs as selected by
M09, green lines refer to the data median. Red lines show the predicted colour evolution
of the stellar population model which is ∼ 12 Gyr old at z = 0. Left: Standard solar
metallicity M05 SSP. Middle: Same as left but for Pickles (1998) library. Right: Same
as middle but with added metal-poor component. Source: Fig. 1 from Maraston et al.
(2009).
In the framework of this thesis we make use of the stellar population model of M09 which
is tuned for the use with LRGs such as the BOSS data sample (Chapter 2). M09 found
that using the Pickles (1998) stellar library, chosen for its wide wavelength coverage, for
a solar metallicity SSP with added small percentage (3% in mass) of old, metal-poor stars
solves the long-standing problem of matching the colours of LRGs over a wide redshift
range (Eisenstein et al., 2001; Wake et al., 2006; Cool et al., 2008). In particular, the use
of empirical spectra improves the match of (r − i) and (g − r) at low redshift (Fig. 3.7)
because of a higher flux in the empirical spectra around 6000 A˚. The inclusion of the
metal-poor component then rectifies the mismatch at higher redshift where colours need
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to be bluer. M09 found the combination of empirical library and metal-poor component
to match the colours best. Other possibilities such as a small percentage of young stars
could be excluded.
We make use of this model for the BOSS data set in Chapter 6, Section 6.2. We follow the
assumption of M09 that these galaxies are old and started forming stars around redshift
5 as suggested by studies of local galaxies (Kauffmann et al., 2003; Nelan et al., 2005;
Thomas et al., 2005; Bernardi et al., 2006; Jimenez et al., 2007).
3.4.5 Structure of the template spectra
As indicated previously, HyperZ6 (and HyperZspec) require input template spectra in a
specific format which is inherent in the format of the BC03 SSPs. Most importantly for
our purpose is that the template spectra contain the SED (of SSPs or CSPs) at 221 ages
from 0 to 20 Gyr, equally spaced in logarithmic space. The age is defined as the time
passed since the onset of star formation, which is therefore the age of the oldest stellar
population present in the template. However, in the fit we only consider ages that are
younger than the age of the Universe at the given redshift and for the given cosmology.
At each age step the SED is given in 1221 flux points ranging from 90 A˚ to 160µm.
3.4.6 Template setups
Throughout this thesis we employ a number of fitting setups which are inspired by M06
and M10 and contain various combinations of the above introduced SSPs and CSPs. We
will describe the template setups used for the data sets analysed in this thesis (Chapter 2)
in more detail at the beginning of each corresponding chapter.
3.5 Derivation of stellar masses and star formation rates
from the best fit
The best fit provides us with some stellar population parameters directly. These are the
redshift (in the case of HyperZ), the age since onset of star formation, the star forma-
tion mode, the amount of dust reddening and the dust law, metallicity and of course the
quality of the fit. However, the two properties one is most interested in are stellar mass
6More recent versions of HyperZ provided by R. Pello´ at http : //www.ast.obs −
mip.fr/users/roser/hyperz/ are adapted to the ASCII format of the original M05 templates. How-
ever, these versions are not used here as the version of HyperZ and HyperZspec provided to us privately by
M. Bolzonella contain special features optimised for our work.
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and star formation rate. These can be obtained indirectly from the best fit by using the
normalisation (expressed as scale factor A in Eqs. 3.14 and 3.15 and as b in HyperZ and
HyperZspec) between template and observed SED. For a template that is normalised to
one M⊙ we can calculate the stellar mass (in units of M⊙) following Daddi et al. (2005)
and M06 as
M∗ = 4pi × (Dlum × 3.086× 10
24)2 × b/L⊙ (3.16)
with the luminosity of the sun L⊙ = 3.426 × 1033 erg/s and the luminosity distance
(expressed in cm using the conversion factor 3.086× 1024) defined as
Dlum = DA × (1 + z)
2 (3.17)
in which DA is the angular diameter distance, i.e. the ratio between the object’s actual
size and its angular size as viewed from Earth. The stellar mass in Eq. 3.16 is in essence
derived by multiplying the M∗/L-ratio of the sun with the luminosity of the observed
galaxy (as derived from the SED-fit) where the distance of the object from the observer
is accounted for by 4pi× (D2lum) and the difference between the flux of the object and the
solar flux is expressed in b, the normalisation derived from the fit. The SFR then follows
according to the star formation mode, i.e for exponentially declining models from Eq.
3.14, where t is the cosmic time corresponding to the observed redshift of each galaxy.
However, when the code of BC03 is used in order to obtain composite stellar populations,
then the different normalisation of the templates (e.g. stellar mass tends to unity as time
tends to infinity) has to be taken care of in the calculation of the stellar masses.
3.5.1 Mass loss
The calculation of stellar mass as presented in Eq. 3.16 yields the total stellar mass in
which mass loss due to stellar evolution, i.e. stars die and leave remnants of lower mass, is
not accounted for. Thus stellar masses calculated this way are in principle overestimated.
However, this mass loss can be accounted for by multiplying the obtained mass with a
correction factor for the according age and metallicity (and IMF) of the best fit stellar
population model. Both M05 and BC03 provide tables with the correction factors 7. The
corrected stellar mass then reflects the mass in stars still alive plus the mass in remnants.
For the mock galaxies we do not correct the stellar mass in this way, as the stellar mass
given by the galaxy formation model does not include mass loss. The stellar masses of
the GOODS-S galaxies are not corrected for stellar mass loss (see Section 6.1), for those
of BOSS and SDSS galaxies we account for mass loss.
7For BC03 models these are provided by the csp galaxev routine in form of the *.4color files.
Chapter 4
Recovering stellar population
properties of mock galaxies at fixed
redshift
In this chapter we explore the dependence of galaxy stellar population properties that are
derived from broad-band spectral energy distribution fitting - such as age, stellar mass,
dust reddening, etc. - on a variety of parameters, such as star formation histories, age
grid, metallicity, initial mass function (IMF), dust reddening and reddening law, filter
setup and wavelength coverage. The mock galaxies described in Chapter 2 are used as
test particles. Here, we show that - for star-forming galaxies - galaxy ages, masses and
reddening, can be well determined simultaneously only when one uses the right setup
and wavelength coverage, in other words when one can identify the correct star forma-
tion history. This is the case for inverted-τ models at high-z, for which we find that the
mass recovery (at fixed IMF) is as good as ∼ 0.04 dex. However, since the right star
formation history is normally unknown, we quantify the offsets generated by adopting
standard fitting setups. Stellar masses are generally underestimated, which directly re-
sults from underestimating the age. For mixed setups with a variety of star formation
histories the median mass recovery at z ∼ 2− 3 is as decent as ∼ 0.1 dex (at fixed IMF),
albeit with large scatter. The situation worsens towards lower redshifts, because of the
variety of possible star formation histories and ages. At z ∼ 0.5 the stellar mass can
be underestimated by as much as ∼ 0.6 dex (at fixed IMF). A practical trick to improve
upon this figure is to exclude reddening from the fitting parameters, as this helps to avoid
unrealistically young and dusty solutions. Stellar masses still tend to be underestimated,
but by a smaller amount (∼ 0.3 dex at z ∼ 0.5). Reddening and the star formation
rate should then be determined via a separate fitting. Not surprisingly, the recovery of
properties is substantially better for passive galaxies, for which e.g. the mass can be
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underestimated by only ∼ 0.01 dex (at fixed IMF) using a setup including metallicity
effects. In all cases, the recovery of physical parameters is crucially dependent on the
wavelength coverage adopted in the fitting such that a coverage from the rest-frame UV
to the rest-frame near-IR appears to be optimal. We also quantify the effect of narrowing
the wavelength coverage or adding and removing filter bands, which can be useful for
planning observational surveys. Finally, we provide simple scaling relations that allow
the transformation of stellar masses obtained using different template and fitting setups
and stellar population models.
The chapter is organised as follows. The different fitting setups are described in Section
4.2. Results and discussion are presented in Sections 4.3 and 4.4. The comparison of
our results with the literature is carried out in Section 4.8. In Section 4.9 we provide the
scaling relations. We summarise our work in Section 4.10.
Throughout this chapter we use a standard cosmology of H0 = 71.9 km/s/Mpc, ΩΛ =
0.742 and ΩM = 0.258 as used in GalICS (see Hatton et al., 2003) and magnitudes in the
Vega system.
The work in this chapter was carried out in collaboration with C. Maraston and C. Tonini.
The contents of this chapter are published in Pforr, Maraston & Tonini (2012, submitted
to MNRAS). Since the publication was still in the referee process at the time of submission
of this thesis the contents of Pforr, Maraston & Tonini (2012, submitted to MNRAS) might
be slightly different from the contents of this chapter.
4.1 Background
The interesting question is to assess how well galaxy properties can effectively be re-
covered with SED-fitting, and many papers have been devoted to this scope over recent
years. The first papers that addressed the dependency of the derived galaxy properties at
high redshift on the input stellar population models are Maraston (2005, hereafter M05),
van der Wel et al. (2006) and Maraston et al. (2006, hereafter M06). These works con-
sistently found that stellar ages and masses, of observed objects are - not surprisingly - a
function of the stellar evolution pattern adopted in the models used to derive them (for a
review see Maraston, 2011b). This information is useful, but does not yet inform us on
which fitting method provides the correct galaxy parameters. On the other hand, using
mock galaxies for which the properties are known a priori allows one to understand the
effectiveness of the assumptions made in the fitting, even though there is no guarantee
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that simulated galaxies have star formation histories similar to the real ones in the Uni-
verse. In addition, different parameters can be recovered with different accuracies. For
example it is well known that stellar masses are generally better recovered than ages and
SFRs (Papovich et al., 2001; Pozzetti et al., 2007; Bolzonella et al., 2010; Lee et al.,
2009; Maraston et al., 2010).
In recent years there have been several works in this direction. Longhetti & Saracco
(2009), Wuyts et al. (2009) and Lee et al. (2009) address the dependency of the results
on fitting parameters using simulated galaxies. Longhetti & Saracco (2009) study the de-
pendence of stellar mass estimates on a variety of models and their parameters like age,
metallicity, IMF and star formation history (SFH) for early-type galaxies at 1 < z < 2.
They assume different stellar population synthesis codes for stellar evolution modelling
(Bruzual & Charlot, 2003, hereafter BC03; M05; and various others). They simulate
early-type galaxies using BC03 stellar population models assuming exponentially de-
clining star formation rates (with timescale τ ). Furthermore, they superimposed second
star bursts with a smaller value of τ at later epochs. They find that stellar masses can not
be recovered better than a factor of 2-3, at fixed known IMF.
Wuyts et al. (2009) use mock galaxies from a hydrodynamical merger simulation based
on BC03 models. They simulate all types of galaxies, but focus on a small redshift in-
terval between 1.5 and 3 and also do not explore metallicity effects. They conclude that
properties of spheroidal galaxies (which means galaxies with little star-formation) are
generally well reproduced, whereas those of star-forming galaxies suffer from large un-
certainties.
Lee et al. (2009) focus on mock Lyman break galaxies at z ∼ 3.4, 4 and 5 based on BC03
stellar population models. They find that masses and SFRs tend to be underestimated and
mean ages overestimated. They attribute these effects to the difference in SFH between
the mocks and the τ -model template used in the fitting. Furthermore, Lee et al. (2009)
show that a large wavelength coverage from optical to rest-frame near-IR is required to
best recover the input physical parameters.
In this chapter we follow the same approach as these works. We perform our investiga-
tion by using both mock star-forming as well as passive galaxies, for which the physical
properties - age, metallicity, reddening, mass and star formation rate - are well defined.
We then treat these mocks as observed data and SED-fit them with several different se-
tups. The comparison between input properties and those derived from the fitting allows
us to understand and quantify the robustness of the derived properties as a function of the
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fitting parameters.
Our work is complementary to these earlier works on several aspects. Firstly, it relies
on the M05 stellar population models both as ingredient of the fitting and of the mock
galaxies, but also explores the case of using different stellar population models in the
mocks and in the fitting. Also, a wider redshift span is considered, down to redshift 0.5,
and a larger set of parameters in terms of metallicity and reddening prescriptions. More-
over, a detailed exploration of the effects of wavelength coverage and photometric filters
is performed. This latter analysis aims at providing a practical guide for planning obser-
vational surveys and proposals. Finally, we provide scaling relations between properties
obtained with different fitting setups and population models, which will help unifying
results obtained from different data sets and using different modelling.
This work complements a recent paper Maraston et al. (2010, hereafter M10, Chapter 6,
Section 6.1) in which we focussed on real z ∼ 2 star-forming galaxies from the GOODS
survey and studied how well - or how bad - star formation histories that are typically
adopted for the fitting templates are able to recover the galaxy star formation rates, stellar
masses and reddening. One of the main conclusions of this work is that - because of the
overshining effect from massive stars even if present in small proportions - essentially no
star formation history is able to provide an accurate determination of star formation rates,
reddening and masses if the age is left as a free parameter in the fit. This happens because
the fit tries to match the light from the most massive stars, which is best accomplished
with a low age. As a main conclusion a template was found that was able to recover the
galaxy properties very well, which is an exponentially increasing star formation - that we
named inverted-τ models as opposite to the usually assumed declining star formation or
τ -model but with two important priors, namely
• i) that the starting of star formation was at a much earlier epoch with respect to the
time of observation (z ∼ 5)
• ii) that the typical timescale for star formation (τ ) could not be too short, namely
τ > 0.3 Gyr.
This conclusion is able to provide information on the actual star formation mode of high
redshift star-forming galaxies, which triggers a lot of astrophysical consequences.
In this chapter we do not pursue the aim at unveiling the galaxy star formation mode.
Rather, we quantify the galaxy property offsets that are obtained with usually adopted
templates, expanding upon the investigation of M10 (Section 6.1) by exploring a wider
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parameter space in terms of reddening, metallicity, etc..
For real passive galaxies at z ∼ 2, M06 found that a fitting setup including a wide
range in metallicities, star formation histories and reddening laws was optimal as the de-
rived best-fitting star formation histories were able to match the observed strength of the
Mg2800 line-strength in the galaxy spectra, which was regarded as a test independent of
the photometric SED-fitting. In the present work we test the same fitting setup on mock
passive galaxies and we reach similar conclusions.
4.2 Spectral Energy Distribution Fitting
We introduced the method of SED-fitting in Chapter 3. What fitting setup and compi-
lation of template spectra is used in the fitting is basically an arbitrary choice. In the
following subsections, we describe the variety of template and fitting setups that we use
to obtain the stellar population properties of the mock galaxies introduced in Section 2.
4.2.1 Model Template Setups
Wide template setup
We adopt a mixed template setup as in Maraston et al. (2006, hereafter wide setup) as
default setup. It consists of 32 types of theoretical spectra which cover a wide range of
star formation histories - specifically:
• i) SSP (single starburst)
• ii) exponentially declining SFR (so-called τ -model with τ = 0.1, 0.3 and 1 Gyr)
• iii) truncated SFR (constant star formation for a time t with t = 0.1, 0.3 and 1 Gyr,
no star formation afterwards)
• iv) constant SFR
and metallicities of 1
5
Z⊙,
1
2
Z⊙, Z⊙ and 2Z⊙. A Salpeter IMF is assumed, consistent
with the mock galaxies, but we also use templates for different IMFs in the following.
Despite the increase in CPU time that is required to fit data with the wide setup, it was
found by M06 that this approach gives the most accurate results for the sample of passive
galaxies in their study. For example, as an independent constraint, they find that predic-
tions for the MgUV line strength from the best SED-fit agree very well with the observed
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Table 4.1: Overview of all fits carried out with various template and filter setups for
simulated galaxies at redshift 0.5, 1, 2 and 3. Fits that involve constraining or rebinning
the age grid were only carried out for mock star-forming galaxies. Fits with inverted-τ
models as a function of wavelength dependence were only carried out for mock star-
forming galaxies at z = 2.
Template Setup U
B
V
R
IJ
H
K
IR
A
C
U
B
V
R
II
R
A
C
U
B
V
R
IJ
H
K
U
B
V
R
IJ
H
U
B
V
R
IJ
U
B
V
R
I
B
V
R
IJ
H
K
IR
A
C
V
R
IJ
H
K
IR
A
C
R
IJ
H
K
IR
A
C
u
’
g’
r’
i’z
’
U
B
V
R
IY
JH
K
IR
A
C
B
R
IK
wide setup x x x x x x x x x x x x
wide, age rebin x - x - - - - - - - - -
wide, age ≥ 0.1 Gyr x - - - - - - - - - - -
wide, Z = 0.004 x - - - - - - - - - - -
wide, Z = 0.01 x - - - - - - - - - - -
wide, Z = 0.02 x - - - - - - - - - - -
wide, Z = 0.04 x - - - - - - - - - - -
wide, Kroupa x - - - - - - - - - - -
wide, Chabrier x - - - - - - - - - - -
wide, top-heavy x - - - - - - - - - - -
only-τ x - x - - - - - - - - -
inverted-τ x x x x x x x x x x x x
only SSPs x - - - - - - - - - - -
solar SSP x - - - - - - - - - - -
wide, BC03 x - x - - x - - - - - -
line strengths in the GOODS-S sample (Daddi et al., 2005). However, as well known,
passive galaxies are much easier to fit than star-forming ones and also metallicity effects
are more evident in passive spectra. Hence, the result of M06 may not be confirmed for
other classes of galaxies.
In order to study the effect of metallicity, we also obtain best fit solutions using the wide
setup in mono-metallicity form. Furthermore, we retrieve separate solutions for the full
setup in combination with different reddening laws to reveal their effect on the fitting.
We also consider an identical setup based on BC03 models (hereafter BC03 setup). It
is well known that these models mostly differ from the M05 models in the energetics
of the TP-AGB and at the young ages (Maraston, 2011a, and Section 3.4). From this
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viewpoint, these two stellar population models represent two extremes which enclose
other ones, e.g. Charlot & Bruzual (CB07), (e.g. Cimatti et al., 2008; Conroy et al.,
2009). As BC03 models are widely used in the literature using them for the same set of
mock galaxies allows us to provide scaling relations which help translating the results
obtained with BC03 models to M05 models and vice-versa. Results are summarised in
Appendix B.
Only-τ setup
Exponentially declining SFH or τ -type models are a common choice in the literature (e.g.
Papovich et al., 2001; Shapley et al., 2005; Pozzetti et al., 2007). In M10 (Section 6.1)
we showed that for real star-forming galaxies as well as mock star-forming galaxies at
z = 2 τ -models do not provide a good approximation of the star formation histories.
Here, we try to quantify the effect of this mismatch by adopting a template setup which
contains τ -models (only-τ setup, with τ = 0.01, 0.05, 0.1, 0.2, 0.5, 1, 2 and 5 Gyr) and
constant star formation, solar metallicity and a Salpeter IMF as in Shapley et al. (2005)
(but based on M05). Furthermore, Shapley et al. (2005) used a Calzetti type reddening
law and models from BC03. We explore these templates by exploiting various reddening
laws.
Inverted-τ models
Exponentially increasing SFHs (so-called inverted-τ models) were explored for the first
time in SED-fitting in M10 (Section 6.1). It was found there that - with priors on the
galaxy formation redshift and the typical τ - these models were the only ones able to
recover the SFR and the reddening that was determined from independent indicators such
as far-IR luminosities or the UV-corrected slope. In M10 we also used a set of mocks
from this chapter and show that the same setup also gave excellent results on the SFR-
mass-relation of semi-analytic galaxies.
In this chapter we extend the test to mocks at other redshifts, using the same assumptions,
namely a formation redshift of ∼ 5, which translates into ∼ 1 Gyr age models for fitting
z ∼ 3 galaxies and ∼ 4 Gyr age models for z < 2.
Age Grids
We also investigate intrinsic properties of the templates themselves, in particular the age
grid. Templates normally get rebinned from 221 to 51 values in age within the Hyper-
Zspec-code. The original age grid is equally spaced in logarithmic space. Hence, the
rebinning has a larger effect on younger ages. The latest version of the code considers
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221 ages without rebinning. In both cases minimum and maximum age are 100, 000 yrs
and 20 Gyr, respectively. We adopt the finer age grid of 221 ages as default and test the
effects of using the wide setup with a rebinned age grid.
Furthermore, we study the effect of excluding very young ages in the fitting by limiting
the minimum age to 20 Myr and 100 Myr. We showed in M10 (Section 6.1) that solutions
obtained with the exclusion of the youngest ages are less biased by very young and bright
stellar populations that dominate the emitted light, thus disabling their outshining effect.
Similar minimum age constraints are applied by Bolzonella et al. (2010) and Wuyts et al.
(2009) in order to exclude very young solutions and to improve the mass estimate. Bol-
zonella et al. (2010) verified this through tests with simulations.
Age grids are only varied for mock star-forming galaxies as these are affected by over-
shining; our mock passive galaxies are by definition devoid of this1.
Varying the IMF
A further interesting question to address is the sensitivity of the SED-fit to IMF choices
as the IMF is a free parameter in population synthesis models. Commonly a conversion
factor between Salpeter and other IMFs is assumed to convert stellar masses and other
quantities, for example masses obtained with a Kroupa IMF are smaller by a factor of ∼
1.6 when compared to Salpeter (M06). Here, we have the opportunity to assess whether
a simple scaling is sufficient. We use the wide setup with templates based on a variety of
different IMFs, namely Salpeter, Kroupa (Kroupa, 2001), Chabrier (Chabrier, 2003) and
a top- heavy IMF (with slope x ∼ 0). For the Chabrier and top-heavy IMFs we adopt the
slopes as given in van Dokkum (2008).
4.2.2 Wavelength range included in the fitting
Which wavelength coverage is required in order to gain robust results from SED-fitting?
How many broad-band filters should be used? These are key questions in galaxy evo-
lution studies especially for the planning of galaxy surveys and observational proposals
and for understanding the reliability of the results. In order to answer these questions we
carry out a comprehensive test of various filter setups and their performance in recovering
the galaxy physical properties. M06 discuss the importance of including the rest-frame
near-IR in the fitting (illustrated in their Figure 9). Kannappan & Gawiser (2007) also
1We have verified that a minimum age constraint of 0.1 Gyr has no effect on the final results for the
mock passive galaxies.
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point out the dependency of stellar mass estimates on filter type and wavelength cov-
erage. Shapley et al. (2005) on the other hand conclude that the near-IR does not carry
additional information with respect to a fitting carried out in the optical, using BC03 pop-
ulation models. van der Wel et al. (2006) even conclude - in combination with the M05
stellar population models - that including the near-IR could even be damaging the results.
The light of a galaxy is a superposition of the light emitted by its stellar populations and
the wavelength range in which a single stellar population emits most of its light changes
with age. Hence, by sampling the entire spectrum there is generally a better hope to trace
all different stellar populations in a galaxy whereas restricting the filter set to certain
wavelengths may result in overemphasising the contributions of specific populations. In
order to better understand the extent of this effect, we explored the following filters sets:
• UBVRI JHK IRAC (3.6, 4.5, 5.8 µm), UBVRI JHK, UBVRI JH, UBVRI J, UBVRI
• UBVRI IRAC
• BVRI JHK IRAC, VRI JHK IRAC, RI JHK IRAC
• u’ g’ r’ i’ z’ (SDSS) [z = 0.5]
• UBVRI Y JHK IRAC
• BRIK
Obviously, the assumption that all mock galaxies are detected in all filter bands is an
idealised case. In particular, the majority the mock passive galaxies at z ≥ 2 would
not be detected in filter bands bluer than V (I for log M∗ ∼ 10.5) in even the deepest
surveys, such as e.g. GOODS (Giavalisco et al., 2004), because of their old age and
SFH. However, this case is addressed when filter setups that omit the bluest filter bands
are used in the fitting.
4.2.3 Photometric uncertainties
In order to quantify the effect of photometric uncertainties we use two different cata-
logues of the same 100 galaxies2 at z = 0.5. One catalogue contains the magnitudes
that were scattered with Gaussian errors as described in Section 2.1 the other the true
magnitudes without this scatter. For both we derive the stellar population properties with
the exact same method using our default setup and no reddening in the SED-fitting. The
exclusion of reddening in the catalogues and fitting allows us to single out the effect of
2without dust reddening
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the photometric uncertainties without being affected by the age-dust degeneracy.
The influence of photometric uncertainties for the sample of mock passive galaxies is
determined in the same way but using only a solar metallicity SSP as template to provide
the exact match in star formation history to the mock passive galaxies.
4.3 Results for star-forming galaxies
In this section we compare the galaxy properties derived from SED-fitting of mock galax-
ies to the true values. The comparison is performed as a function of template setup (star
formation history, metallicity, age grid, IMF, stellar population model3), filter set and
wavelength coverage, and reddening law. For the semi-analytic galaxies, we first pro-
duced mock catalogues without dust reddening to better single out the contributions of
the multiple stellar populations building up the galaxies. For these unreddened galaxies
we also do not consider reddening in the fitting. In the following, we refer to this as the
’case without reddening’ or the ’unreddened case’. Although ignoring the existence of
dust when simulating star-forming galaxies is an unrealistic case it provides an insight
into the impact of the age-dust degeneracy. The procedure is then repeated including dust
reddening, both in the mock catalogue and the fitting. For the mock passive galaxies no
internal dust reddening has been included, but both the cases of including and excluding
reddening in the fitting are studied. Table 4.1 gives an overview of all fits that were car-
ried out.
In order to evaluate the optimal template and filter sets - intended as the one for which
fitted and input properties are closest - we define a quality estimator Q similar to a χ2:
Q =
√∑
i
(∆)2 (4.1)
with
∆ = xi,fitting − xi,input, (4.2)
i being the number of objects and x representing age, metallicity, reddening, stellar mass
or SFR, respectively. The optimal value of Q and ∆ is zero.
A first indicator of the individual performances of the various template setups is the χ2ν
of the best fit. We show results for the mock star-forming galaxies at z = 2 in Fig. 4.1
3see Appendix B
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Figure 4.1: Minimum χ2ν of best fits with alternative setups in comparison to the wide
setup, using UBVRIJHK+IRAC bands for mock star-forming galaxies at redshift 2.
Black symbols show the unreddened case (internal dust reddening is not included in the
mock galaxies and the fitting is carried out without dust reddening). Red symbols show
the case with dust reddening. The same results are found at all other redshifts.
as an example. For nearly all objects the wide setup provides a better χ2ν in comparison
to the only-τ setup due to the wider template library with regard to metallicity and star
formation histories. However, we showed in M10 (Section 6.1) that models with the
smallest χ2ν are not necessarily a better physical solution. This is further confirmed here
by the fact that a BC03-based setup shows a better χ2ν in some cases although the mock
galaxies are based on the M05 models and therefore their SED is intrinsically different.4.
This example highlights again how misleading the mere consideration of the minimum
χ2ν can be.
In the following we focus on the ability of different template setups and wavelength
coverage to recover the age, metallicity, SFH, reddening and stellar mass.
4We summarise the results for fits with the BC03-setup to M05-based mock star-forming galaxies in
Appendix B and vice versa in Appendix C.
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4.3.1 Age
The comparison of fitted ages with the intrinsic ages allows us to identify which age
(mass-weighted age, luminosity-weighted age5, age of the oldest population) is actually
recovered by the fit. As discussed in M10 (Section 6.1), by definition, the age parameter
t of the templates and the fitting denotes the age of the oldest population that is present,
as it marks the starting of star formation (see M10 and Section 6.1 for details). How-
ever, as one fits the integrated luminosity the true age is difficult to extract, particularly
for galaxies with extended star formation due to the overshining effect. For example, it
is known that fitting single-burst models to data give ’luminosity-weighted’ quantities,
which mostly reflect the properties of the most luminous generation.
In Fig. 4.2 we show the comparison for the wide and only-τ setups at redshift 0.5 and 2.
We find that ages derived for dust-free spectra agree best with mass-weighted ages, par-
ticularly at high redshift. This is a somewhat new conclusion, and suggests that the use
of composite templates allows to obtain ages that are closer to the mass-weighted ones
than to the luminosity-weighted ones. The youngest fitted ages (. 108 yr) are under-
estimated most. At high redshift fitted ages are similarly comparable to the oldest ages
while most are underestimated for the oldest galaxies (at z = 0.5). V -band luminosity-
weighted ages are predominantly overestimated for objects with higher SFRs (at z = 2)
and predominantly underestimated for objects with little star formation (at z = 0.5), the
latter is due to the overshining. Since the range of available ages in the fitting narrows
towards higher redshift, differences in best fit age between template setups and between
recovered and true age decrease towards higher redshift, particularly for ages ≥ 108 yr.
For the reddened case, the age-dust degeneracy is strong and causes ages to be underesti-
mated (by up to nearly 3 dex in the worst cases). The effect is less severe at higher redshift
because of the smaller available age range. Here, only the youngest ages (below 108 yr)
are underestimated. For young and dusty star-forming galaxies (those at high redshift)
the reason is twofold. Firstly, a small contribution stems from the age-metallicity degen-
eracy. Template metallicities are much higher than mock galaxy metallicities (compare
Fig. 2.2). Thus, bluer colours are reproduced by younger ages. Secondly and domi-
nating, template SFHs do not match those of the semi-analytic galaxies resulting in the
overestimation of some mass-weighted ages (at z = 2).
5Ages are weighted by the V -band luminosity of the corresponding SSP models. We also considered the
bolometric luminosity. Overall, the latter provides younger ages in comparison to the V -band luminosity
weighted ages, but the overall trends are similar.
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Figure 4.2: Best fit ages (y-axis) compared to input ages (x-axis) of mock star-forming
galaxies for the wide and only-τ setups at redshift 0.5 and 2 (top and bottom panels,
respectively). Symbols as in Fig. 4.1. Left: Comparison with the age of the oldest popu-
lation. Middle: comparison with V -band luminosity-weighted ages. Right: Comparison
with mass-weighted ages.
For older galaxies with little on-going star formation (those at low redshift) and in the
reddened case very young ages (< 108 yr) and a large amount of dust are obtained with
the SSP component included in the wide template setup. The fit is clearly fooled by
the overshining in combination with the age-dust degeneracy (see Renzini, 2006, for a
detailed description of this degeneracy and its effects). Semi-analytic galaxies at z ≤ 1
are hardly reddened due to their low SFRs (see Section 2.1). Allowing for dust reddening
in the fit drives the ages to younger values since the addition of dust mimics redder
colours (see also Fig. 4.6, this effect is less strong for z = 2 and 3 as the simulated
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galaxies are dust reddened). With the only-τ setup most of these objects are fitted with
significantly less dust, longer τ , higher metallicity and older ages. Very young ages
from the only-τ setup are due to the SFH and metallicity mismatch. In general, the age
determination is better at high redshift. Deviations at low redshift are large because of
on-going star formation and the wide age range covered by the stellar populations in a
single galaxy (Fig. 2.1).
In order to single out the effect of metallicity on the derived ages, we used mono-
metallicity template setups, keeping the variety of star formation histories and IMF of
the wide setup. Overall, the effect is small and therefore, it is not shown here. When
Figure 4.3: Comparison of ages derived from SED-fitting with templates of different
IMFs. Symbols as in Fig. 4.1.
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reddening is switched off the effect is very clear: when the template metallicity is high,
sub-solar metallicity galaxies are fitted with a younger age to compensate this mismatch.
When reddening is introduced into the procedure, the age-dust degeneracy partly com-
pensates metallicity effects. Only when the metallicity is overestimated the most, the
number of objects with a younger best fit age increases significantly, particularly for the
metal poorest objects (at high redshift).
We now investigate how the differences in the model-SED due to different IMFs affect
the derived best fit ages. These differ substantially between the various IMFs (Fig. 4.3),
especially for a top-heavy IMF. Again, the case without reddening helps understanding
the effect. At z = 3 and 2 top-heavy IMF models give systematically older ages than
Salpeter IMF models. The excess of massive stars and thus UV light for very young
ages of the top-heavy IMF models is compensated by on older age. The same is true
at low-redshift where ages for a top-heavy IMF are systematically older than ages for a
Salpeter IMF. Ages derived with a Chabrier and Kroupa IMF are much closer to those
derived with Salpeter. At intermediate ages (i.e. in the intermediate stellar mass range)
the SED of a Kroupa and Chabrier IMF is slightly redder because of the effect on the
evolutionary flux. This is compensated by younger ages. When reddening is included
scatter increases, particularly at low redshift, due to the age-dust degeneracy. At high
redshift ages obtained with top-heavy IMF templates are now much older than those of
Salpeter IMF templates (and the fitted reddening is higher).
Finally, we study the dependence of the derived ages on the adopted wavelength range in
the fitting which is shown for the unreddened case in Fig. 4.4 for a few common filter sets.
Since the emission of stellar populations of different ages peaks at different wavelengths
one expects that a narrow wavelength range in the fit biases the result towards particu-
lar ages. In the unreddened case the effects are small for the oldest galaxies (z = 0.5).
Excluding IRAC filters and using only optical wavelengths in the fitting makes derived
ages somewhat older. For higher redshift and intrinsically younger objects the opposite
is the case. The more the wavelength coverage is focussed towards the rest-frame UV,
the younger the derived ages. Neglecting blue filter bands has a slightly rejuvenating
effect for the oldest galaxies, for younger ones (z ∼ 2) the effect is smaller because the
rest-frame UV is excluded and underlying older stellar populations are emphasised in the
fit. The inclusion of reddening has little impact on the general dependence of derived
ages on wavelength coverage and is therefore not shown. At low redshift, however, the
age-dust degeneracy dominates.
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In summary, fitted ages compare best to mass-weighted ages and not to luminosity-
weighted ages, as widely believed. The difficulty in recovering the oldest age remains
which is mostly related to mismatches in the star formation history. In conclusion and
perhaps not surprisingly, SSPs or τ -models with low τ ’s should not be used when deal-
ing with star-forming objects. Since using mono-metallicity template setups has a very
small effect on the derived ages compared to using a wide set of metallicities because
age effects dominate over metallicity effects in star-forming galaxies, it is sufficient to
use mono-metallicity template setups for star-forming galaxies. The choice of IMF af-
fects ages such that the wrong IMF can be compensated by a different age. The largest
effects are seen for the IMF that is most discrepant (top-heavy IMF here) to the input IMF.
The wavelength coverage plays a crucial role in the determination of ages such that a re-
striction in wavelength coverage results in younger ages at high redshift. At low redshift
ages are underestimated due to the age-dust degeneracy and the wrong SFH. Because of
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Figure 4.4: Ages derived from SED-fitting as a function of wavelength for redshift 0.5
and 2 in the case without dust reddening. The red histogram shows the distribution of the
mass-weighted age.
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the mismatched SFH the derived age resembles the real one, e.g. the oldest population
present, in hardly any case.
4.3.2 Metallicity
We know that most template metallicities are too high compared to input metallicities.
Consequently, metallicity is overestimated for most objects, particularly at high redshift
(Fig. 4.5). This is the case even when reddening is switched off and demonstrates the age-
metallicity degeneracy. The highest metallicity templates of the wide setup are mainly
chosen when reddening is allowed in the fit because of the added degeneracy with dust.
These are best fit with a young and short starburst (SSPs or small values of τ ) and larger
amounts of reddening. In a statistic sense the fit is sensitive to the metallicity, such that
the number of best fit templates with low metallicities is higher at high redshift. The
opposite is the case for high metallicities.
The derived metallicities depend only little on the wavelength coverage, therefore we do
not show it. The lack in wavelength coverage affects the most when only optical filter
UBVRIJHK+IRAC
z=0.5, wide
UBVRIJHK+IRAC
z=2, wide
Figure 4.5: Comparison between recovered and mass-weighted metallicity of mock star-
forming galaxies at redshift 0.5 and 2 for the wide setup. Black and red symbols refer to
the cases without and with dust reddening, respectively. Template metallicities are -0.7,
-0.33, 0 and 0.35 (from a fifth solar metallicity to twice solar metallicity). The line of
equality is shown.
CHAPTER 4. MOCK GALAXIES AT FIXED REDSHIFT 69
bands are used such that most galaxies are best fitted with the highest metallicity tem-
plates.
Overall, for star-forming galaxies, metallicities are poorly recovered because ages are
poorly recovered, i.e. ages are underestimated and metallicities are overestimated, which
in turn is driven by the poor match of the SFH and the overshining effect.
4.3.3 E(B-V)
We present the comparison between derived and input reddening for the wide setup and
illustrate the age-dust degeneracy in Fig. 4.6. The reddening is very well recovered at
z ≥ 2 for the wide and inverted-τ setups. The only-τ setup provides slightly larger
reddening values. This is the same result that M10 (Section 6.1) found for real z ∼ 2
star-forming galaxies. They showed that dust reddening obtained from a fit with inverted-
τ models agrees best with those derived from the rest-frame UV (compare their Figs.
16 and 20). At z < 2 on the other hand reddening is heavily overestimated for all
setups. Accordingly, we find that fitted ages are younger at low redshift in the case with
reddening compared to the case without reddening. When reddening is overestimated by
E(B − V ) ∼ 0.4 − 1.2 ages are lower by up to ∼ 3 dex at redshift 0.5. This difference
decreases towards redshift 3 where ages are also older than in the unreddened case (lower
panel in Fig. 4.6).
Because the ability to recover reddening depends only little on the wavelength coverage,
we only summarise the main points: 1) the exclusion of near-IR filter bands has almost
no effect because dust reddening absorbs light predominantly at rest-frame UV wave-
lengths. 2) For that reason the exclusion of the bluest filter bands has the largest effect
on the derived reddening, such that reddening is even more overestimated at low redshift
and underestimated at high redshift.
Compared to the full age grid shown in Fig. 4.6 a cap on minimum age reduces the over-
estimation in E(B − V ) from maximal ∆E(B − V ) = 1.1 to 0.45 at z = 0.5 for all
template setups. The maximum age difference is now ∼ 2 dex at the lowest redshifts.
At higher redshift the minimum age restriction improves the derived reddening only little
and ages differ less between cases with and without reddening. Rebinning of the age grid
does not improve the recovery of reddening at any redshift.
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Figure 4.6: Upper panel: Difference between derived and input E(B − V ) as a function
of redshift (0.5, 1, 2 and 3, respectively, from left to right) for the wide setup (black open
circles) and for the inverted-τ model (red dots, redshift 2 and 3). Lower panel: Difference
in derived ages with and without internal reddening as a function of fitted reddening.
Metallicity has only a small effect on the derived reddening, hence, we do not show it.
E(B−V ) is slightly more overestimated at high redshift for the highest metallicity tem-
plate setup. Overall, the scatter is increased.
In summary, reddening for both inverted-τ and wide setups is well recovered for galaxies
that are dust reddened. This depends little on wavelength coverage, metallicity and age.
For intrinsically dust-free galaxies (those at z = 0.5), reddening is heavily overestimated
and ages are underestimated because of the age-dust degeneracy.
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4.3.4 Stellar Mass
The choice of template setup also affects the mass recovery (Fig. 4.7). With the wide
template setup the mass recovery at redshift 2 and 3 is very good, particularly for masses
between 1010 and 1011M⊙. Masses are underestimated for lower-mass galaxies. These
are small disks with increasing SFHs like the ones shown in panel a) of Fig. 2.3 left-hand
side. Indeed, their mass can be perfectly recovered using the inverted-τ models (bottom
UBVRIJHK+IRAC, z=0.5
wide
UBVRIJHK+IRAC, z=2
wide
Figure 4.7: Stellar mass recovery at redshift 0.5 and 2 as a function of template setup,
namely from top to bottom: wide, only-τ , inverted-τ . Red circles refer to cases with
reddening, black dots to no reddening. Quality factors are given for the entire mass range
for reddened and unreddened cases, respectively. Green triangles show the mass estimate
for the youngest objects at z = 0.5 with increasing SFH (see Fig. 2.3) when an inverted-τ
model of age 1.1 Gyr is used in the fitting.
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panel in Fig. 4.7). Including dust affects the result only little. For older galaxies with
little on-going star formation (z = 0.5) on the other hand, masses are underestimated.
When dust is included, this effect is mostly due to the age-dust degeneracy, whereas
without reddening a different set of degeneracies dominates. Firstly, no available SFH
provides a real match to the mock SFHs. As seen in Fig. 2.3 the typical SFH at low
redshift is bimodal in the sense that star formation decreases after an initial period of
increasing star formation. On-going star formation causes overshining, thus hiding most
of the old underlying populations. This has the largest effect at redshift 0.5 because the
age distribution of the stellar populations building up a particular galaxy is much wider
(see Fig. 4.2). Secondly, template metallicities are discrete and for the bulk of stellar
populations of about half the objects still too metal rich (compare Fig. 2.2 and Fig. 4.5).
The blue colour of a galaxy is matched by a template of low metallicity in combination
with a longer star formation time scale and an older age, or a higher metallicity, shorter
star formation time scale and a younger age. The latter leads to underestimate the mass.
SSPs are the main cause for very young ages and consequently very low stellar masses
in the wide template setup. Masses are underestimated by up to 0.8 dex.
It is important to note that - if instead of picking up the best fit for those objects for which
the mass is underestimated, one would average over neighbouring solutions (in the range
of χ2ν + 1) - their mass estimate could be improved by up to 0.4 dex. Although masses
are significantly improved for some of these objects, carrying out the procedure for all
objects only results in an average improvement of 0.06 dex in the unreddened case and
0.18 dex when dust reddening is included.
An only-τ setup can recover stellar masses at high redshift similarly well in the high-mass
range, and due to the different star formation history, similarly badly in the low-mass
range. For older galaxies with little on-going star formation at low redshift masses are
underestimated. However, this setup including reddening performs slightly better than
the wide setup.
At all redshifts masses are better recovered when the mock star-forming galaxies are
unreddened, because there is no age-dust degeneracy (Fig. 4.7). At z = 0.5 masses are
recovered within −0.8 dex and +0.3 dex for all template setups. When reddening is in-
cluded the SED-recovered stellar masses are underestimated by up to ∼ 1.6 dex for the
least dust reddened and oldest galaxies in our sample. This stems from underestimating
the age due to the age-dust degeneracy (Fig. 4.2).
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The mass recovery improves with overall decreasing galaxy ages and age spread, for all
setups which perform in a very similar way for z ≥ 1. Masses larger than 109.5M⊙ are
very well recovered for all template setups. Masses lower than 109.5M⊙ are underesti-
mated by ∼ −0.7 dex at z = 3.
Here, it is important to note that the mock galaxies have SFRs of at most around 30M⊙/yr
(see Fig. 2.4), whereas real galaxies can have higher star formation rates (e.g. Daddi et al.,
2007). Hence, these conclusions may not be extended to real galaxies, and indeed in M10
(Section 6.1) we showed that for z ∼ 2 star-forming galaxies with higher SFRs, an only-
τ setup underestimates the age, hence underestimates the stellar mass and overestimates
the star formation rate. In M10 (Section 6.1) we have also verified that an inverted-τ -type
star formation history with high formation redshift is best for the derivation of physical
properties such as reddening and SFR and for the mock galaxies of this work for stellar
mass (their Fig. 24). Here we reinforce the result by a starring mass recovery for mock
galaxies at redshift 2 and 3 (Fig. 4.7 bottom right) with inverted-τ models.
Obviously, the same models with the same priors do not allow a good mass recovery for
older galaxies at lower redshifts because they do not trace their correct SFH. However,
if we change priors and use inverted-τ models with formation redshift (i.e. age) closer
to the age of the oldest population, thus simulating objects like the one shown in the
bottom-left of Fig. 2.3, the stellar mass is recovered very well (green triangles in Fig.
4.7). However, the SFHs of real galaxies are not known and a distinction between ob-
jects of increasing and decreasing SFR cannot be made prior to the fitting. A focussed
investigation on these models and on how to apply them to different redshifts and types
of galaxies is postponed to a dedicated paper.
Nowadays, in order to simulate more realistic star formation histories, several authors
adopt a two-component template, such that a second burst at an arbitrary time is super-
imposed on an underlying exponentially declining star formation history (Papovich et al.,
2001; Gallazzi et al., 2005; Salim et al., 2007; Pozzetti et al., 2007; Walcher et al., 2008;
Muzzin et al., 2009; Noll et al., 2009). In this way, the stellar mass can be maximised.
Pozzetti et al. (2007) report an up to 40% increase in stellar mass using two-component
models over models with simpler SFHs. This composite model maybe a much better
choice at low redshifts.
In Fig. 4.8 we show the mass recovery as a function of the metallicity adopted in the
templates. For star-forming galaxies in the dust free case the lowest metallicity setup
performs best at each redshift. The true mass is still underestimated by a median of
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Figure 4.8: Median recovered stellar mass of mock star-forming galaxies for mono-
metallicity wide setups as a function of redshift, hence galaxy age (upper left to lower
right). Metallicity in each panel increases from left to right. Red and black triangles re-
fer to cases with and without reddening, respectively. Error bars reflect 68% confidence
levels.
0.3 − 0.1 dex. The mass recovery becomes worse with increasing metallicity because
metallicities are too high compared to the mock (see Fig. 2.2). This is distorted when
reddening is included and masses are now underestimated by a median 0.6 − 0.1 dex.
Overall, as already concluded by Bolzonella et al. (2010), the differences between differ-
ent metallicity setups are small. Consequently, fitting with a mono-metallicity template
setup is sufficient for star-forming objects even when the metallicity is wrong.
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Figure 4.9: Average recovered stellar mass in given input mass bin (binsize 0.5 dex) for
the wide setup with a minimum age of 0.1 Gyr and a rebinned age grid. Red points and
lines represent the reddened case, black stands for the unreddened case, blue thin lines
show recovered masses obtained with the full age grid including reddening, green thin
lines refer to a setup with rebinned age grid and reddening. Errorbars are one standard
deviation. Quality factors are given for the entire mass range.
Since the age-dust degeneracy is the main reason for underestimated ages which in turn
cause underestimated masses we quantify the effect of putting a prior on the minimum
age of templates in the wide setup or choosing a coarser age grid. An age restriction is
often applied in the literature (Bolzonella et al., 2010; Wuyts et al., 2009) and we have
also explored its effect in M10 (Section 6.1), though there we could conclude that this
trick is not sufficient to ensure a correct derivation of galaxy properties and - especially -
does not allow to make progress in understanding galaxy evolution. We found that among
the explored age grids, a minimum age of 0.1 Gyr improves the mass estimate the most
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(Fig. 4.9)6. The resulting regulation of both the overshining and the age-dust degeneracy
is particularly effective for the oldest galaxies (at low redshift) and in the reddened case.
Here, the improvement is 0.4 dex on average, but can be much larger for single objects.
Especially, at z > 1 stellar masses are remarkably well recovered with this artificial age
constraint. Hence, if one is merely interested in estimating the stellar mass setting an
artificial age constraint appears to be a good idea. We found that switching off reddening
and applying a minimum age cut has similar effects.
The difference in the stellar mass recovery when one uses an incorrect IMF is small (Fig.
4.10). Cases for different IMFs differ the most at z = 0.5 for the reddened case - a clear
effect of the age-dust degeneracy. A top-heavy IMF - the most discrepant to a Salpeter
IMF - fails to reproduce the correct stellar mass (Fig. 4.11). At each redshift we find
a large scatter around the true masses. However, there is no clear offset between these
IMFs7 (even without dust) for galaxies with little star formation, unlike commonly as-
sumed in the literature. This demonstrates that other free parameters in the fitting, such
as age and SFH are able to compensate for the wrong IMF. For young galaxies with high
star formation an offset exists. Bolzonella et al. (2010) state statistical differences of stel-
lar mass between the various IMFs as logM∗Salpeter ≃ logM∗x+y with y = 0.23 and 0.19
for Chabrier and Kroupa IMF (x), respectively, but acknowledge that the best fit value
for other parameters can significantly differ. We list our scaling relations in section 4.9.
Although Figs. 4.10 and 4.11 show that the choice of the IMF is felt in the fit and the
correct IMF recovers masses best, the right IMF cannot be identified by choosing the fit
with the minimum χ2ν among all solutions. In fact, very often even a top-heavy IMF is
picked. This confirms again that the minimum χ2ν does not necessarily provide the best
physical solution and confirms the notion that picking up the IMF from SED-fits is virtu-
ally impossible.
We focus now on the effect of the assumed wavelength coverage in the fitting, on stellar
masses for the wide setup at each redshift and the inverted-τ models at redshift 2 (Figs.
4.12 and 4.13). The dependence on wavelength coverage is weak for old galaxies with
little on-going star formation at z = 0.5 - masses are similarly underestimated for each
filter setup8. This is obviously driven by the overshining and the wrong SFH which the
filter setup cannot help rectifying. For z > 1, where galaxies are younger and the SFR
6We have also explored larger minimum ages - 0.5, 1 and 5 Gyr - for z = 0.5 star-forming galaxies and
found that these have a negative effect on the mass estimate.
7For verification we used the entire merger tree, but in Fig. 4.11 only show the sample of 100 galaxies.
8Note that excluding SSPs in the fitting setup improves the mass estimate in the reddened case by∼ 0.2
dex for the various filter setups. In the unreddened case the improvement is not significant.
CHAPTER 4. MOCK GALAXIES AT FIXED REDSHIFT 77
Figure 4.10: Stellar masses of mock star-forming galaxies derived using templates with
IMFs different from the input Salpeter IMF. Red marks solutions obtained with redden-
ing, black the unreddened case. Green solid lines represent fits to the unreddened case,
magenta dashed lines fits to the reddened case. There is little difference between them
(see also tables 4.3 and 4.4). For obtaining scaling relations we used the entire merger
tree for the linear fits. The coefficients of the fits are provided in section 4.9.
is higher, we find that the broader the wavelength coverage, the better the mass recov-
ery, particularly when reddening is involved. When red filter bands are excluded in the
fit, masses are underestimated by up to 2 dex. The coverage of the rest-frame near-IR
appears to be crucial - as concluded in M06. The same conclusion was reached by Kan-
nappan & Gawiser (2007); Bolzonella et al. (2010) and Lee et al. (2009). Shapley et al.
(2005),van der Wel et al. (2006) conclude the opposite. Muzzin et al. (2009) merely
find an improvement in the confidence levels for the derived parameters when including
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Figure 4.11: Median stellar mass recovery as a function of redshift and IMF (wide tem-
plate setup and UBVRIJHK+IRAC wavelength coverage for each). 68% confidence lev-
els are shown as error bars. Redshift increases from the top left to the bottom right. Red
and black mark solutions obtained with and without reddening, respectively.
the rest-frame near-IR. Pozzetti et al. (2007) (for z > 1) and Walcher et al. (2008) (for
z < 1.2) find that the lack of near-IR filter bands (observed-frame) in the fit leads to
larger stellar masses compared to estimates which included them. We find a decrease
instead. We assign this different behaviour to the differences in stellar population model
and SFHs used in the fitting setup. For z ≥ 2 we find that excluding filter bands covering
the rest-frame UV allows one to recover stellar masses on average equally as well as the
full filter set. Whereas the near-IR contains information from older, less luminous stel-
lar populations and allows us to get a robust estimate on stellar mass, the UV contains
mostly information about younger, more recently formed stellar populations. Hence, for
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Figure 4.12: Stellar mass recovery (median) of star-forming galaxies as a function of
wavelength coverage and filter set at redshifts 0.5, 1, 2 and 3, for the wide template
setup. The filter setup is varied from left to right in each panel, redshift increases from
top left to bottom right. Red represents reddened solutions, black unreddened ones. 68%
confidence levels for each setup are shown.
a good stellar mass recovery, the bluest filter bands are less important and may even be
damaging. Clearly, a filter setup that only covers the rest-frame UV is useless for the
mass recovery of high redshift galaxies. Remarkably, the combination of optical (BRI)
and only one near-IR filter (K) recovers masses reasonably well. This could be useful for
economising the request of telescope time. The inclusion of a further filter band (Y with
λeff ∼ 10, 000 A˚) does not improve the stellar mass estimate independently of redshift
and reddening. In general, the mass recovery at redshifts z ≥ 1 is extremely good, pro-
vided one uses a filter set that covers the rest-frame near-IR because this helps to pick the
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Figure 4.13: Median differences between true and recovered stellar mass as function of
wavelength coverage and filter set for the inverted-τ templates at redshift 2. The blue and
green symbols refer to the mass recovery obtained with the wide setup without and with
reddening, respectively.
right star formation history (see M05).
In M10 (Section 6.1) we showed that inverted-τ models recover the stellar masses of high
redshift star-forming galaxies best. We show here (Fig. 4.13) that this is robust against
variations in filter setup because this model is less dependent on age. Only for the most
restricted wavelength ranges and those without rest-frame near-IR a significant scatter
around the true masses is found.
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As a summary of this whole section, the stellar masses of old galaxies with little residual
star formation are usually underestimated because ages are underestimated which in turn
is due to a mismatch in SFH between template and galaxy and the overshining effect.
This effect is worse when dust reddening is included because of the age-dust degeneracy.
This depends only very little on metallicity and wavelength coverage. An artificial age
constraint improves the mass estimation. The masses of young galaxies with high star
formation are slightly underestimated when age is a free parameter in the fit. Masses are
perfectly recovered with inverted-τ templates with proper priors on formation epochs and
τ , as shown in M10 (Section 6.1). Dust reddening and metallicity affect the whole result
very little. Masses are increasingly underestimated for narrower wavelength coverages
when the wide setup is used. Here, the rest-frame near-IR is crucial for a robust mass
estimate. Masses derived using inverted-τ models are less sensitive to wavelength cover-
age. Overall, a wide wavelength coverage also implies a smaller scatter. The SED-fit and
the mass estimate is sensitive to the choice of IMF of the fitting template, but the correct
IMF cannot be identified by means of the overall minimum χ2ν .
4.3.5 Star formation history and star formation rate
Fig. 4.14 shows that - similarly to stellar masses - SFRs agree very well with input
SFRs only when reddening is switched off. This is nearly independent of template setup.
When reddening is involved, however, SFR are drastically overestimated at z ≤ 1. As
was shown in M10 (Section 6.1), such very high star formation rates in combination with
low stellar masses are a pure artefact of SED-fitting. The inverted-τ setup allows for the
best estimates. The wide setup reproduces the SFR best at z = 1 but this may just be
due to the particular composition of the mock galaxies at these redshifts. At redshift 3
for the wide and only-τ setup SFRs are also underestimated at the high SFR end because
of SFH mismatches. Low SFRs are overestimated for the same reason. The inverted-τ
setup can recover the SFRs well for objects with increasing SFH. In M10 (Section 6.1)
we showed that SFRs derived from inverted−τ models are in excellent agreement with
those derived with the UV-corrected-slope method for high-redshift star-forming galax-
ies in the GOODS-S sample (see Fig. 19 in M10). Note that in M10 (Section 6.1) we
used only the Calzetti reddening law in the fit while in this chapter we show SFRs that
are derived with all reddening laws which results in small differences in SFR for some
objects.
The accuracy with which one estimates SFRs also profits from the constraint in age and
the limited age-dust degeneracy. Particularly, low star formation rates are overestimated
less at z = 0.5 (Fig. 4.15). Only allowing ages larger than 0.1 Gyr gives the best result,
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Figure 4.14: The recovery of SFR as a function of template setup, namely wide, only-τ
and inverted-τ from top to bottom. Redshift increases from top left to bottom right. Red
circles refer to cases with reddening, black dots to no reddening. Quality factors are given
for the entire SFR range for reddened and unreddened case, respectively. Green triangles
show the SFR estimate for the youngest objects at z = 0.5 with increasing SFH when an
inverted-τ model of age 1.1 Gyr is used in the fitting. These are the same objects as in
Fig. 4.7. Objects with SFR= 0 are not shown. SFR= 0 indicates that the best fit solution
is an SSP or a truncated SF model with an age larger than the truncation time.
although some degree of overestimation is still present. Simply rebinning the age grid,
however, does not work, SFRs are even more overestimated. At higher redshift the im-
provement is less than at z = 0.5. Again a rebinned age grid performs worse and leads
to underestimation of the highest SFRs. The effect on stellar mass and SFR caused by
the age constraint is the same for each template setup (excluding the inverted-τ setup
CHAPTER 4. MOCK GALAXIES AT FIXED REDSHIFT 83
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z=2
Figure 4.15: Averaged recovered SFRs (y-axis) compared to known binned SFRs (x-
axis) as a function of age grid. Representatively, we show results for redshift 0.5 and
2 only. Red dots and lines represent solutions with reddening, black ones those without
reddening, both when the minimum age is 0.1 Gyr. Blue thin lines show the SFR recovery
with a wide setup and reddening. Green lines refer to a wide setup with rebinned age
grid and reddening in the fit. Binsizes vary from 2.5M⊙/yr to 20M⊙/yr from z = 0.5 to
z = 3. Errorbars are one standard deviation. Quality factors are given for the entire SFR
range for reddened and unreddened cases, respectively.
because its age is fixed).
SFR estimates using templates with a Kroupa or a Chabrier IMF instead of a Salpeter
IMF show qualitatively the same behaviour (in the case with reddening). In the unred-
dened case SFRs are predicted correctly from fits with these three IMFs. In Fig. 4.16 we
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Figure 4.16: SFR recovery as a function of template IMF at redshift 2. Colours are the
same as in Fig. 4.28. SFR= 0 cases are not shown in this plot.
show the star formation rates derived with a Salpeter, Kroupa, Chabrier and top-heavy
IMF for redshift 2 galaxies as an example. SFRs for a top-heavy IMF are generally lower
than SFRs for a Salpeter IMF and also lower than the true value. This leads to a clear
offset in the no reddening case, independently of redshift. When reddening is included,
SFRs increase as the age decreases.
Fig. 4.17 demonstrates the effect of wavelength coverage (or lack thereof) on the deter-
mination of the star formation rate. SFRs are generally well recovered in the unreddened
case partly because of compensating effects. Deviations from this are due to a lack in
wavelength coverage (RIJHK+IRAC at z = 3). In the reddened case SFRs are over-
estimated at almost all redshifts. While the mass recovery is nearly insensitive to the
neglection of blue filter bands, the SFR estimate is hampered. This is not surprising since
the most recently formed stars dominate the light emission in the UV which therefore
plays an important role in the estimation of SFRs. At z = 3 SFRs are also underesti-
mated at the high end. In the reddened case, SFRs are best recovered with filter setups
that cover the broadest wavelength range, while in the unreddened case a dependence
with wavelength coverage is negligible. We show the derived SFRs from inverted-τ
models in Fig. 4.18 for a selection of filter setups. Similarly to the mass derivation, the
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Figure 4.17: SFR recovery as a function of wavelength coverage and redshift (increasing
from top left to bottom right). The filter setup is varied from top to bottom in each panel.
Objects with SFR= 0 are best fit with a SSP or a truncated model with age larger than
the truncation time and are not shown in this plot. Red circles refer to the reddened case,
black dots to the unreddened case.
SFR estimates do not differ much with filter setup and wavelength coverage. SFRs are
very well reproduced in the unreddened case. In the reddened case, SFRs are overesti-
mated for all filter setups when SFHs between mock galaxy and template does not match.
As already concluded in M10 (Section 6.1), the SFR determination is driven by the cor-
rect SFH. The good SFR recovery in the unreddened case at z = 0.5 despite the mismatch
in SFH is due to compensating effects with underestimated ages and stellar masses. This
again reinforces our conclusion, that the simultaneous recovery of mass, age, SFR, etc.
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Figure 4.18: SFR recovery using inverted-τ models for mock star-forming galaxies at
redshift 2 as a function of wavelength coverage. The filter setup is varied from top to
bottom. Red circles are with reddening, black dots are without reddening.
for galaxies from SED-fitting is not possible without knowing the exact star formation
history.
4.4 Results for passive galaxies
4.4.1 Age
Fig. 4.19 shows the age recovery of mock passive galaxies as a function of template setup
for wide, only-τ , only SSPs (but all four metallicities) and only solar SSP template setups.
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Figure 4.19: Median recovery of age for mock passive galaxies as a function of redshift
and template setup. Black and red symbols refer to the cases without and with reddening,
respectively. 68% confidence levels are shown.
Overall, the age determination is much better than was the case for star-forming galaxies
(Fig. 4.2). A wider range of star formation histories and metallicities in the fitting leads
to generally overestimated ages in the unreddened case at redshifts 0.5 and 1 with the
mismatched SFH as the biggest driving factor. Overall, the age recovery improves with
templates with the correct metallicity (i.e. only-τ and solar SSP). Additionally, matching
the SFH correctly recovers the age best. Small deviations from the true age still occur
when fitting with the correct template for two reasons: 1) a slight mismatch in age be-
tween template age grid and galaxy age9 and 2) photometric uncertainties. Since the
9For ages of 1 and 1.5 Gyr the closest matching age of the template age grids are 1.015 Gyr and 1.434
Gyr.
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choice of SFH is limited in the only-τ setup and the metallicity is the correct one, short
τ ’s which resemble a SSP closest are chosen. The longer period of star formation is then
compensated by an older age. Within the wide setup a variety of SFHs exists besides the
correct solution of a solar metallicity SSP. Both τ and truncated models closely resemble
a SSP as long as the timescale τ for star formation or truncation time t are short enough
compared to the age. The differences between them are smaller than the imposed photo-
metric uncertainties. Furthermore, a wider variety of metallicities is available. Thus, it
is not surprising that the age-metallicity degeneracy and a degeneracy between age and
SFH cause the average recovered age to be slightly older than for the only-τ setup and
that the dispersion is larger. The median offset in age for the wide setup is maximally
∼ 0.04 dex. Comparing results for the only-SSP and solar-SSP setups - thus using the
correct SFH - enables us to isolate the effect of the age-metallicity degeneracy. This is
small on the median, but the scatter induced by using wrong metallicities is much larger.
Similarly to the mock star-forming galaxies, including reddening in the fit has the largest
effect for the oldest galaxies (z = 0.5) due to the age-dust degeneracy. But overall, the
effect of reddening is small.
Another way to decouple metallicity from SFH effects is to use mono-metallicity wide
setups for which we show the results in Fig. 4.20. Obviously, ages derived with a solar
metallicity setup are best recovered. The remaining scatter of 0.05− 0.1 dex stems from
the SFH mismatch. Template setups with sub-solar metallicity overestimate the age to
compensate their bluer colour. For the lowest metallicity, every galaxy is fit with the
maximum age possible at the given redshift (or close to that age) in order to compensate
the underestimated metallicity. In addition, all χ2ν are larger than 2, most are larger than
10, and fits are getting worse towards higher redshift. Clearly, neither age nor SFH can
compensate such a large discrepancy in metallicity. The situation is reversed for super-
solar metallicity templates. At low redshift the scatter is largest because the covered age
range is wider. Ages around 1 Gyr are very well defined by the TP-AGB emission, older
ages are more difficult to distinguish because of little evolution in the colours during the
RGB-dominated epoch. The introduction of reddening has the largest impact at low red-
shift. Particularly at z = 1 the age-dust degeneracy partly compensates and reverses the
effect of the age-metallicity degeneracy and causes an underestimation in age. At high
redshift, reddening has no impact. Most importantly Fig. 4.20 shows that even when us-
ing all metallicities ages and metallicities are very well recovered. This means that when
we do not know the metallicity it is better to use a wide range for it, as concluded in M06.
Mismatches in the IMF have rather small effects for the mock passive galaxies which is
why we do not show it. Ages derived with different IMFs are similarly well recovered
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Figure 4.20: Median deviation of fitted age from true age of mock passive galaxies as a
function of redshift and metallicity. Black dots and 68% confidence levels refer to the
unreddened case, red to the case that includes reddening in the fit.
and do not show an offset between each other because differences in SED-shape due to
the IMF are small for intermediate-mass stars, hence intermediate and old ages. The
scatter increases for the oldest galaxies. The effect of reddening is negligible.
We investigate the wavelength dependence of the derived ages using a wide setup in Fig.
4.21. Median ages are recovered within ±0.1 dex in the unreddened case with little de-
pendence on the wavelength coverage at low redshift. At higher redshift filter setups
that do not cover the rest-frame near-IR and the red part of the optical generate a larger
scatter. As already mentioned, the mock passive galaxies at these redshifts are 1− 2 Gyr
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Figure 4.21: Median deviation of fitted age from true ages of mock passive galaxies as a
function of wavelength coverage at redshifts from 0.5 to 3 using the wide setup. Black
dots and 68% confidence levels refer to the unreddened case, red to the case that includes
reddening in the fit.
old, the age range in which the near-IR is dominated by the TP-AGB emission. Without
this crucial information, the fit is more prone to degeneracies between age, metallicity
and SFH. Interestingly, a filter setup containing only four filter bands but including the
near-IR and thus sampling the SED shape over a wider wavelength range, performs in
most cases equally as good as other filter sets. The lack of rest-frame UV data at z = 2
and 3, causes ages to be overestimated because of star formation history mismatches.
The inclusion of reddening in the fit has its biggest impact at low redshift. Here the age-
dust-degeneracy causes a large scatter and an on average underestimated age for shorter
wavelength coverages. Particularly, the large scatter shows that the age recovery fails
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when the information of the blue and reddest filter bands is missing. Overall, ages are
best derived with the full wavelength coverage. Compared to star-forming galaxies, ages
of passive galaxies can be better determined in the fit due to a well-defined 4000 A˚ break
and the absence of multiple generations.
In summary, mismatches in SFHs are contributing the most to an offset in the derived
ages. Thus the best SFHs for passive galaxies are SSPs and exponentially declining SFRs.
As metallicity can be recovered (see also section 4.4.2), SED templates should cover a
range in metallicities. Ages are best determined using the full wavelength coverage.
Note that a ugriz filter setup at z ∼ 0.5 performs well, albeit with larger scatter, which
is mostly due to the low number of objects. This is an important finding as we are
obtaining galaxy properties (stellar masses in particular) of BOSS (Baryon Oscillation
Spectroscopic Survey) galaxies using this setup (Maraston et al. in prep., Section 6.2).
4.4.2 Metallicity
For nearly passive objects at z ∼ 2, M06 found that metallicity plays an important role
in allowing a robust determination of the stellar population parameters. We confirm this
result in section 4.4.1. Although a wide choice of metallicities is provided, the fit closely
recovers the true metallicity for most objects (Fig. 4.22). When reddening is introduced,
the age-dust-metallicity degeneracy affects mostly the oldest galaxies (at low redshift).
Derived metallicities depend on the wavelength coverage in the fitting such that at low
redshift a lack of rest-frame near-IR and red optical coverage causes metallicities to be
overestimated in more cases, clearly, by compensating underestimated ages. The rest-
frame near-IR is crucial in breaking the age-metallicity degeneracy as already concluded
in M06. When blue filter bands are excluded metallicities are underestimated for a few
more objects. These effects are smaller at higher redshift. Including reddening results
in underestimation of metallicity for more objects when the wavelength coverage is re-
stricted. Again the effect is largest at low redshift.
In conclusion, for nearly passive and aged galaxies it is important to fit with a wide
choice of metallicities because metallicity can be recovered. The best template setup for
metallicity recovery is the wide setup. The broadest wavelength coverage results in the
best metallicity estimates.
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Figure 4.22: Recovered metallicities of mock passive galaxies at redshifts from 0.5 to 3.
Black and red are without and with reddening, respectively.
4.4.3 E(B-V)
Since we did not add reddening to the passive galaxies, any reddening resulting from the
fitting procedure is overestimated. But generally, the reddening is correctly identified for
most objects (Fig. 4.23). Independently of template setup, the largest effect is found at
low redshift where the age-dust degeneracy is more efficient as the allowed age range is
larger.
More objects are wrongly identified to be reddened as wavelength coverage decreases (in
both red and blue wavelength) but the effect is small.
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Figure 4.23: Recovered E(B − V ) of mock passive galaxies at redshifts from 0.5 to 3.
4.4.4 Stellar Mass
The mass recovery for the mock passive galaxies is very good (Fig. 4.24) and the median
offset in mass is maximally ± ∼ 0.02 dex for all template setups. As usual, differences
between the reddened and unreddened case are small. Scatter is largest at low redshift.
Deviations from the true stellar mass for the wide setup are due to degeneracies between
star formation histories, metallicity, age and dust (when included in the fit). Offsets in
stellar mass even when using the correct template are caused by a slight mismatch in age
between template and galaxy for the youngest ages and photometric uncertainties (see
also sections 4.4.1 and 4.7, respectively). When fitting with the solar metallicity SSP
these small age mismatches cannot be compensated by a different choice of metallicity
and SFH (or dust at high redshift). The contribution of dust increases the errors on the
derived ages at low redshift because of the age-dust degeneracy. Clearly, in the other
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template setups the mass is corrected by the choice of an incorrect metallicity and/or
SFH and, in the reddened case, dust.
Metallicity effects are further explored in Fig. 4.25. Stellar masses follow the same
trend with metallicity as ages (compare to Fig. 4.20). For lower metallicities for which
ages are overestimated, stellar masses are larger. For higher metallicities masses are
smaller. In the unreddened case, masses derived from the lowest metallicity template are
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Figure 4.24: Median mass recovery of mock passive galaxies for different template setups
as a function of redshift. Red dots and 68% confidence levels refer to the inclusion
of reddening in the fitting, black symbols to the unreddened case. The blue and green
symbols refer to the mass recovery of mock star-forming galaxies obtained with the wide
setup without and with reddening, respectively (compare also points for ’all Z’ in Fig.
4.8).
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Figure 4.25: Median recovered stellar mass with 68% confidence levels for mono-
metallicity wide setups as a function of redshift and therefore galaxy age (upper left to
lower right). Metallicity in each panel increases from left to right. The input metallicity
is solar. The missing points at Z=0.004 without reddening lie at −1.51+1.03−0.68 at z = 2 and
at −3.31+0.47−0.54 at z = 3. Symbols are the same as in Fig. 4.24.
significantly underestimated as a direct consequence of the metallicity mismatch and its
effect as described in Section 4.4.1. This shortcoming in metallicity can only be partly
compensated by age and not at all by SFH (which would just make the SED even bluer).
At z > 0.5 the fit with the lowest metallicity setup fails completely (χ2ν > 50) and masses
are not recovered. Adding dust improves the fits since some of the required red colour
of the observed SED can be compensated by dust but ages are still overestimated. This
results in overestimated masses.
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Figure 4.26: Median stellar mass recovery as a function of the IMF assumed in the fitting
template for a wide template setup and UBVRIJHK+IRAC wavelength coverage. The
input IMF is Salpeter. Errorbars are 68% confidence levels. Redshift increases from the
top left to the bottom right. Symbols are the same as in Fig. 4.24.
Stellar masses of mock passive galaxies are best determined with a template setup based
on the same IMF used as input, namely a Salpeter IMF (Fig. 4.26)10. Although ages
derived with a Kroupa and Chabrier IMF template setup are very similar to those for
the Salpeter setup, stellar masses are systematically underestimated by ∼ 0.1 − 0.2 dex.
The stellar masses obtained with a top-heavy IMF template setup on the other hand are
largely overestimated (by ∼ 1 dex on average). These differences can be explained with
the different mass-to-light ratios (M∗/L) for the various IMFs. As show in Maraston
10The inclusion of dust reddening in the fitting has very little impact on these results and merely increases
the scatter at lower redshift.
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(1998) bottom-light IMFs have lighterM∗/L because of a lower amount of dwarf M stars
whereas a top-heavy IMF is heavier because of the large amount of massive remnants. It
is encouraging that the choice of IMF is felt in the fit, but an identification of the correct
IMF based on the minimum χ2ν is not possible as shown in Fig. 4.26. The large scatter
stems mainly from the top-heavy IMF. Unfortunately, no comparison can be made with
the true stellar mass for real galaxies.
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Figure 4.27: Median differences between true and recovered stellar mass as function of
photometric filters used in the model fitting, at redshifts 0.5, 1, 2 and 3. The filter setup
is varied from left to right in each panel, redshift increases from the top left to the bottom
right. Given are the 68% confidence levels for each setup. Symbols are the same as in
Fig. 4.24.
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The median stellar mass recovery of passive galaxies depends little on the wavelength
coverage used in the fit, but the scatter increases when fewer filter bands are used in the
fitting (Fig. 4.27). Masses are best recovered with the full wavelength coverage when
the rest-frame near-IR is included. Stellar masses are recovered within 0.05 dex when
reddening is not included in the fit. Similar to the ages, the inclusion of reddening affects
the most at low redshift where masses are underestimated for filter setups lacking blue
filter bands. Towards higher redshift the exclusion of the rest-frame near-IR wavelengths
in the fit introduces larger errors in the mass estimation. The information stored in the
rest-frame near-IR is crucial in order to recover the right stellar mass.
In summary, stellar masses of passive galaxies can be recovered within ∼ 0.02 dex for
a wide coverage in metallicities, SFHs and wavelength and the exclusion of reddening
in the fitting. Restricting the template setup in metallicity has the strongest effect on the
mass estimate. The dependence on wavelength coverage is small though not negligible
and the scatter decreases when the rest-frame near-IR is included.
4.5 Measuring the strength of the latest starburst
As widely discussed in M10 (Section 6.1) and Section 4.3, a young stellar population
overshines underlying older populations. Naturally, the question arises whether the de-
rived stellar population properties reflect those of the latest burst. For this purpose we
simulated passive galaxies located at redshift 1 that consist of a large percentage of an old
stellar population and a low percentage of a younger population, both with solar metal-
licity. The old component is 5 Gyr old, for the young component we take ages of 1 Myr,
10 Myr, 100 Myr and 1 Gyr. We combine old and young components as 99 and 1 % and
90 and 10 %. Each galaxy has a total mass of 1011M⊙. Thus, recovered stellar masses of
1010M⊙ and 109M⊙ would reflect the mass of the burst. Ages of∼ 4.5 (for 10% young)
and∼ 4.95 Gyr (for 1% young) would reflect the mass-weighted age of the galaxies. The
fitting is carried out using the broadest wavelength coverage and a wide setup. Results
for stellar mass and age are listed in Table 4.2.
Clearly, even just one percent of a relatively younger stellar population with respect to
the dominant one has the power to hide 30 − 40% of the stellar mass locked up in old
stars. When the population is just 1 Myr old it even hides nearly 99%. For these ages, the
fit renders precisely the mass of the burst. When reddening is allowed in the fit, an age
of 10 Myr is already young enough to hide nearly 99% of the remaining old stellar pop-
ulation. In both cases is the mass of the burst recovered within ∼ 0.3 dex rather than the
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Table 4.2: Derived ages and stellar masses for a 1011M⊙ galaxy composed of a 5 Gyr old
population and a low percentage - 1 or 10% - of a younger population. Burst characteris-
tics are listed in the first column, while the second and third columns list the derived ages
and masses.
Burst derived age derived M∗
no reddening [M⊙]
1% 1Gyr 3.75 Gyr 10.85
1% 100Myr 4.5 Gyr 10.86
1% 10Myr 4.5 Gyr 10.74
1% 1Myr 15 Myr 9.23
10% 1Gyr 2.75 Gyr 10.83
10% 100Myr 404 Myr 10.42
10% 10Myr 8.7 Myr 9.91
10% 1Myr 6.6 Myr 9.93
Burst derived age derived M∗
+ reddening [M⊙]
1% 1Gyr 3.5 Gyr 10.90
1% 100Myr 4.5 Gyr 10.86
1% 10Myr 7.9 Myr 9.28
1% 1Myr 13.8 Myr 9.30
10% 1Gyr 2.75 Gyr 10.83
10% 100Myr 6.3 Myr 9.69
10% 10Myr 8.7 Myr 9.91
10% 1Myr 6.6 Myr 9.93
mass of the entire galaxy. The situation is very similar when the latest stellar population
contributes 10%. The recovered mass is closer to the burst mass for the youngest bursts.
Ages are very close to the age of the young component. When reddening is involved, the
age-dust degeneracy even causes the recovered mass and age to be lower than those of
the burst component which clearly is a mere artefact stemming from the many degenera-
cies. Derived ages and masses are closest to that of the old population when the young
population is 1 Gyr old. Thus, a wide age gap between old and young stars is the biggest
challenge in the fitting. This explains the worse recovery of the physical properties of
the mock star-forming galaxies at z = 0.5. Serra & Trager (2007) found in a similar
exercise that the stellar ages inferred from Lick-indices measurements of two-component
composite stellar populations are driven by the younger less massive component.
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4.6 Reddening laws
In this section we explore the dependence of the fitting result on the adopted reddening
law. The question is: Can a better overall result be achieved by considering several red-
dening laws or is using just one - which makes the fit faster - sufficient?
UBVRIJHK+IRAC, z=0.5, wide
no reddening
all red. laws
z=2
Figure 4.28: Average mass recovery as a function of reddening law at redshift 0.5 and
2. The dotted black line shows the mass recovery when no reddening is used in either
spectra or fitting. The dashed thick black line shows the result when the best fit out of
all reddening laws is chosen for each object. The coloured thin lines represent the results
applying only one reddening law on the reddened spectra. Errorbars show one standard
deviation.
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UBVRIJHK+IRAC, z=0.5, wide
z=2
Figure 4.29: Average SFR recovery as a function of reddening law at each redshift where
redshift increases from the top left to the bottom right. We show solutions for a wide
setup only. Colours and lines are the same as in Fig. 4.28. Note that the data point at the
highest SFR at z = 0.5 and the two points at the highest SFR at z = 2 consist of only
one object each and are merely shown for completeness. Errorbars show one standard
deviation.
Since we do not add dust reddening to passive galaxies, we investigate the case only for
star-forming galaxies. Naively one would expect the Calzetti reddening law to provide
the best fit and most accurate result for all reddened objects since the reddening prescrip-
tion for the semi-analytic galaxies is based on it (Section 2.1). We find that the best mass
estimate is achieved when no reddening is used in the fitting. This is also true at higher
redshift where galaxies are dust reddened.
CHAPTER 4. MOCK GALAXIES AT FIXED REDSHIFT 102
The largest difference in mass recovery between the reddening laws occurs at z = 0.5
where there is little reddening anyway (Fig. 4.28). The MW law by Allen and the SMC
law give the worst mass recovery. This is also reflected in the results for the best fit
among all reddening laws. In particular, the SMC reddening curve is much steeper and
higher than the Calzetti law (compare Fig. 7 in Bolzonella et al., 2000, and Fig. 3.3 in
Chapter 3). On average, the exact type of reddening law is less important at high redshift
but variations in the quality factors imply larger effects for individual objects. Papovich
et al. (2001); Fo¨rster Schreiber et al. (2004); Pozzetti et al. (2007); Muzzin et al. (2009)
and Muzzin et al. (2009, b) also found the effect of different extinction laws on stellar
masses to be small.
SFRs on the other hand are much more sensitive to the type of reddening law (Fig. 4.29).
We can summarise this in two points:
• When the reddening is a fitting parameter and galaxies are dust reddened, the fitting
code is able to pick out the right reddening law for most objects, the Calzetti law
in our case. Fitting without reddening leads to underestimated SFRs.
• When galaxies have little reddening (z = 0.5 case) and reddening is a free param-
eter in the fit, the age-dust degeneracy causes SFRs to be overestimated. SFRs are
best recovered with no reddening in the fit in this case.
In conclusion, stellar masses are best derived without reddening in the fitting at each
redshift when the SFHs cannot be matched. For the best SFR estimate on the other
hand all reddening laws should be used in the fitting for high redshift, dust reddened
objects. For objects without dust reddening, SFRs are best obtained without reddening
in the fitting. These conclusions stress again that the simultaneous recovery of masses
and SFRs is very difficult and can be achieved only when the assumed SFH is the correct
one, as we found at z = 2 with inverted-τ models and a proper parameter selection (M10,
Section 6.1).
4.7 The effect of photometric uncertainties
Comparing the results obtained when using original magnitudes and those scattered using
a Gaussian error11 in the fit enables us to study the effect of photometric uncertainties.
In order to single out this effect we only consider the case without dust reddening. We
focus on the older galaxies with little or no on-going star formation (mocks at z = 0.5)
for which we find the largest deviations between true and recovered stellar population
11Original magnitudes were scattered with their three σ photometric errors.
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Figure 4.30: Left: Effect of photometric uncertainties for mock star-forming galaxies at
z = 0.5 for a wide template setup and broad wavelength coverage in the fit. From top
to bottom: ages, stellar masses and star formation rates, respectively. Right: The same
for mock passive galaxies. Red and black symbols refer to the cases with and without
reddening in the fit. We show galaxies at redshift 0.5 because for these the differences
from the true values are largest.
properties. Star-forming galaxies are fit with the wide setup. Passive galaxies are fit with
a solar metallicity SSP only.
Fig. 4.30 (top left) shows that ages can be very discrepant, reaching 1.5 dex difference.
Masses differ on average by 0.08±0.27 dex and up to∼ 0.7 dex (Fig. 4.30, middle left).
The overall trend of underestimating the masses of older galaxies with little on-going
star formation remains unaffected by the photometric uncertainties. The mean difference
between the derived SFRs is small for the highest SFRs (see Fig. 4.30, bottom left). At
the low SFR end deviations are larger (up to 1 dex).
Fig. 4.27 and Fig. 4.30 (right) show that for passive galaxies the effect is small. The
largest deviations in stellar mass are found at z = 0.5 amounting to maximal ∼ 0.2 dex.
The inclusion of reddening is negligible. Ages are more affected in the reddening case,
CHAPTER 4. MOCK GALAXIES AT FIXED REDSHIFT 104
particularly at the youngest and oldest ages, because of the age-dust degeneracy. Older
ages are hard to distinguish from each other in the fitting as the spectra are very similar.
4.8 Literature comparison
Other works in the literature exist on this topic. Wuyts et al. (2009, hereafter W09)
address the efficiency of SED-fitting for a smoothed particle hydrodynamical merger
simulation of two disk galaxies before (disk phase), during (merger phase with triggered
star formation) and after the merging (spheroid phase) spanning a total time of 2 Gyr, but
not fixed to a particular redshift. They construct the SEDs at various snapshots in time
for different viewing angles, place them at redshifts between 1.5 and 2.9 and study the
effects of SFH, dust attenuation, metallicity and AGN contribution on the recovery of
age, reddening (E(B − V )), visual attenuation (AV ), stellar mass and SFR. Their SED-
fitting uses solar metallicity templates for three SFHs, namely SSP, constant SFR and a
τ -model with τ = 0.3 Gyr. The templates are based on a Salpeter IMF and BC03 stellar
population synthesis code. AV varies between 0 and 4 in steps of 0.2 but is only applied
to the constant SFR and τ -model template. Ages are constrained to be larger than 50 Myr
and younger than the age of the Universe. The fitting is carried out with HyperZ and a
Calzetti reddening law.
Our semi-analytic mock galaxies show considerable star formation for z ≥ 1 and thus
compare to the disk (and merger phase) of W0912. For this we predominantly consider
the wide setup with age constraint and the inverted-τ setup (both with reddening). We
compare the results of the wide setup without reddening for our mock passive galaxies
for z ≤ 1 to their spheroid phase. For the purpose of comparison, we define ∆ as the
difference between recovered and true value13 analogue to W09. Negative values of ∆
correspond to underestimation of the according quantity, positive values to overestima-
tion. As true age for the mock star-forming galaxies we assume the mass-weighted age.
We list our median values for ∆ together with those of W09 in Table D.1.
W09 find slight overestimation of ages in the disk phase and underestimation in the
merger phase. The ages we derive are underestimated at z = 1 and 2 and overesti-
mated at z = 3 for the wide setup with age constraint. Ages are more underestimated
towards lower redshift due to the wide range in population ages comprised within those
galaxies (compare Fig. 2.1). W09 seem to determine better ages as they consider only
12We do not distinguish our mock galaxies in disks and mergers although they might have undergone a
merging event shortly before we observe them.
13logarithmic values for age, mass and SFR
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a small age-range, no metallicity effects and set an age constraint. We do not compare
the age for the inverted-τ models as those have a constant age which is more comparable
to the oldest age. While E(B − V ) is underestimated in all phases in W09, our derived
reddening values are overestimated at lower redshift and very well recovered at higher
redshifts. Our scatter is smaller than that of W09 at all redshifts for the two setups. Stel-
lar masses at z ≥ 2 are equally underestimated as in W09’s disk and merger phase. Our
mass estimate for z ≥ 2 improves if we only consider objects in the same mass range
as W09 (log M∗ > 9.8). However, masses are best recovered with the inverted-τ setup
where they show almost no offset with smaller scatter. The median stellar mass offset is
larger for galaxies at redshift 1. In both disk and merger phase W09 underestimate the
SFRs. We overestimate the SFRs at intermediate redshifts. At z = 3 the median offset in
SFR is small. Our scatter is somewhat smaller than that of W09.
Since we did not put reddening onto the mock passive galaxies, we only compare the fit
values for the stellar masses, ages and SFRs with W09. Even in the case with redden-
ing, a value of E(B − V ) = 0 is correctly recovered for most objects. Both ages and
stellar masses are slightly overestimated in our case, while they are underestimated in
W09. However, in each case, offsets and scatter are very small. This confirms that stel-
lar masses of passive galaxies can be much better determined by SED-fitting than those
of star-forming galaxies. While W09’s reddening and SFRs are underestimated in the
spheroid phase, both quantities are very well recovered for our passive galaxies. We as-
sign this to the fact that the passive galaxies we simulated are single bursts while galaxies
in the spheroid phase in W09 are clearly precessed by considerable star formation and
thus still suffer from overshining.
For a direct comparison we reproduce Fig. 8 of W09 for the basic trends and correlations
between these physical properties of galaxies and show our results for mock star-forming
galaxies in Fig. D.1. As in W09, in summary, those correlations are:
• 1) Age and stellar mass show a strong correlation, i.e. an underestimation in age
will lead to an underestimation in mass and vice versa.
• 2) This is anti-correlated with dust reddening, the so called age-dust degeneracy.
• 3) It is also anti-correlated with metallicity, the so called age-metallicity degener-
acy.
• 4) SFR and dust reddening are tightly correlated, consequently age and SFR are
anti-correlated.
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Furthermore, we find evolution in these with redshift. Ages and stellar masses are in-
creasingly underestimated whereas reddening and SFRs are increasingly overestimated
towards low redshift. We also list median values with 68% confidence levels of the dif-
ference between derived and true age, mass, SFR and E(B − V ), together with those of
Wuyts et al. (2009) in Table D.1.
Lee et al. (2009) focus on the robustness of the derivation of physical parameters of Ly-
man break galaxies at redshifts∼ 3.4, 4.0 and 5.0 (U-, B-, and V-dropouts, respectively).
They create mock galaxies from a semi-analytical model using BC03 stellar population
models with a Chabrier IMF and apply the Lyman break selection criterium to identify
star-forming objects at high redshift. Their SED-fitting employs Chabrier IMF BC03
templates with three metallicities (0.2, 0.4 and 1Z⊙) and exponentially declining SFRs
with τ = 0.2 − 15 Gyr. The Calzetti law is used for dust extinction. They find that the
means of the intrinsic and reproduced mass distributions differ between 19 and 25% (for
U- and V- dropouts, respectively), such that recovered masses are underestimated. The
corresponding difference for our z = 3 objects is ∼ 17% (or 0.08 dex) using the wide
setup with reddening and ∼ 15% (or 0.07 dex) when the minimum age is 0.1 Gyr. For
the inverted-τ setup the difference between the means of true and recovered stellar mass
distributions is < 1% (0.004 dex).
Lee et al. (2009) also report larger discrepancies for mean age and SFR in comparison
to the true values, mean SFRs (averaged over 100 Myr) are underestimated by ∼ 62%
and mass-weighted mean ages are overestimated by about a factor of 2. They assign
this behaviour to two effects: the mismatch between real and template SFHs and the
overshining effect of a young stellar population. Furthermore, they acknowledge the in-
fluence of the age-dust degeneracy on the derived SFRs. Lee et al. (2009) try to solve
the SFH mismatch in using two-component templates consisting of two time-separate
burst of star formation with different values of τ . However, we have shown in M10 (Sec-
tion 6.1) and the previous sections that using inverted-τ models recovers the mass for
mock star-forming galaxies at z = 2 and 3 perfectly. SFRs are slightly overestimated
and show a larger scatter at the low SFR end where the exponentially increasing SFH of
the template is not matched by the simulated galaxies. Based on the SFHs of the mock
star-forming galaxies as shown in Fig. 2.3 we believe that the best model to recover
the masses and SFRs of star-forming objects at z > 3 is the inverted-τ template (using
appropriate formation redshifts and ages). Because of the fixed age, the overshining by
young components is ignored in the fit. Derived ages will therefore always be older than
input luminosity- or mass-weighted ages and compare better to the oldest age.
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Longhetti & Saracco (2009) study the systematics involved in the mass estimates from
SED-fitting of mock early-type galaxies between redshift 1 and 2. They simulate early-
type galaxies with Salpeter IMF solar metallicity BC03 models of exponentially declin-
ing SFH (τ = 0.6 Gyr) and ages between 1.7 and 4.2 Gyr. Furthermore, they add sec-
ondary bursts at different times with mass fractions of 5 and 20% and star formation time
scale of τ = 0.1 Gyr. Dust obscuration is considered to be AV = 0, 0.2 and 0.5 using
the Calzetti law. SED-fits are performed using HyperZ and solar metallicity τ - models of
BC03 with τ = 0.1, 0.3, 0.6, 1.0 Gyr. They also test the effects of using different stellar
population models. Longhetti & Saracco (2009) conclude that overall stellar masses of
early-type galaxies cannot be estimated better than within a factor of 2 − 3 of the true
value at fixed known IMF. We find that the stellar masses of the mock passive galaxies
in our work at z = 1 can be recovered within a factor of ∼ 1.05 (∼ 0.02 dex) at known
IMF. Including uncertainties on the IMF (but only considering among Kroupa, Chabrier
and Salpeter) masses are recovered within 0.2 dex. Our result is better probably just be-
cause we have really zero on-going star formation in our passive galaxies while Longhetti
& Saracco (2009) by considering a τ -model and second bursts keep a small amount of
star formation, which confuses the derived properties for the reasons we amply discussed
above.
Lastly, Bolzonella et al. (2010) find a typical total uncertainty caused by different choices
of reddening law, metallicities, SFHs and stellar population models in stellar mass esti-
mates of σ ≃ 0.2 dex.
4.9 Homogenising derived properties via scaling relations
For many purposes, combining results from different authors and data sets is required. In
this case, homogeneity of the analysis method is essential. However, different models,
templates, IMFs and fitting procedures are used in the literature and we have demon-
strated in the previous sections their impact on the results. Here, we have the opportunity
to obtain ’scaling relations’ which allow the transformation of the derived physical prop-
erties from one set of fitting parameters to another. Based on the previous sections we
have derived such relations for stellar mass for a variety of parameter choices using a
least squares fit. They are listed in table 4.3 for star-forming galaxies and in table 4.4 for
passive galaxies. In order to gain statistical robustness we use results for the entire merger
tree. Some examples are shown in Fig. 4.10 as solid green and dashed magenta lines.
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Table 4.3: Scaling relations for mock star-forming galaxies in the form of
logM∗wideSalpeter = a1 + a2 ∗ x where x stands for logM∗ of the various fitting se-
tups. The coefficients a1 and a2 represent the unreddened case, b1 and b2 represent the
reddened case.
redshift x a1 a2 b1 b2
0.50 wide Chabrier 0.4814 0.9666 0.5559 0.9581
1.00 wide Chabrier 0.5913 0.9563 0.5826 0.9601
2.00 wide Chabrier 0.5125 0.9673 0.3675 0.9831
3.00 wide Chabrier 0.7223 0.9485 0.4631 0.9755
0.50 wide Kroupa 0.4445 0.9707 0.2827 0.9882
1.00 wide Kroupa 0.4244 0.9754 0.6725 0.9515
2.00 wide Kroupa 0.2409 0.9973 0.1958 1.0024
3.00 wide Kroupa 0.1042 1.0136 0.0840 1.0151
0.50 wide Z⊙ 0.8464 0.9292 -0.9575 1.0978
1.00 wide Z⊙ -0.0264 1.0077 -0.5233 1.0531
2.00 wide Z⊙ 0.7532 0.9225 0.5159 0.9452
3.00 wide Z⊙ 0.6843 0.9314 0.4773 0.9514
0.50 only-τ 1.0651 0.9057 -2.8838 1.2630
1.00 only-τ -0.1275 1.0171 -0.8565 1.0844
2.00 only-τ 0.5824 0.9383 0.4459 0.9510
3.00 only-τ 0.8008 0.9197 0.4467 0.9554
0.50 wide BC03 -0.0349 0.9887 0.0385 0.9611
1.00 wide BC03 0.0887 0.9675 -0.2077 0.9939
2.00 wide BC03 0.9366 0.8855 0.8272 0.8947
3.00 wide BC03 1.0761 0.8785 0.7205 0.9101
0.50 BC03 only-τ 0.2524 0.9617 -2.4432 1.1980
1.00 BC03 only-τ 0.2369 0.9487 -0.1809 0.9906
2.00 BC03 only-τ 1.2843 0.8480 1.1366 0.8613
3.00 BC03 only-τ 1.3341 0.8523 1.0544 0.8759
Note that these relations provide information only about statistical differences, the dif-
ference in stellar mass between various fitting setups for a single object can significantly
deviate from this.
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Table 4.4: Scaling relations for passive galaxies in the form of logM∗wideSalpeter = a1 +
a2 ∗ x where x stands for logM∗ of the various fitting setups. The coefficients a1 and a2
represent the unreddened case, b1 and b2 represent the reddened case.
redshift x a1 a2 b1 b2
0.50 wide Chabrier 0.0243 1.0095 0.3167 0.9821
1.00 wide Chabrier 0.0913 1.0042 0.1660 0.9974
2.00 wide Chabrier 0.1477 1.0007 0.2017 0.9960
3.00 wide Chabrier 0.1612 1.0001 0.1615 1.0001
0.50 wide Kroupa -0.0188 1.0124 0.0795 1.0022
1.00 wide Kroupa 0.0785 1.0035 -0.7200 1.0731
2.00 wide Kroupa 0.1289 0.9996 0.1785 0.9952
3.00 wide Kroupa 0.1217 1.0004 0.1214 1.0005
0.50 wide Z⊙ 0.1568 0.9865 -0.1059 1.0129
1.00 wide Z⊙ 0.0227 0.9983 -0.0418 1.0051
2.00 wide Z⊙ 0.0773 0.9941 -0.0145 1.0022
3.00 wide Z⊙ 0.0006 0.9999 0.0003 1.0000
0.50 only-τ -0.0161 1.0012 -0.2548 1.0261
1.00 only-τ 0.0442 0.9966 -1.0724 1.0948
2.00 only-τ 0.0592 0.9963 0.0013 1.0005
3.00 only-τ -0.0512 1.0060 -0.0336 1.0046
0.50 SSPs -0.0401 1.0043 0.0877 0.9914
1.00 SSPs -0.0498 1.0039 0.3950 0.9628
2.00 SSPs 0.2261 0.9792 0.2829 0.9744
3.00 SSPs 0.0685 0.9956 0.0715 0.9952
0.50 wide BC03 0.7390 0.9240 0.8017 0.9245
1.00 wide BC03 1.3682 0.8783 -0.6348 1.0528
2.00 wide BC03 7.7711 0.4620 0.0007 0.9854
3.00 wide BC03 8.8104 0.6450 0.0241 0.9793
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4.10 Summary and conclusions
We analyse the problem of recovering galaxy stellar population properties - such as ages,
star formation rates, stellar masses - through broad-band spectral energy distribution fit-
ting as a function of the various parameters of the fit, namely: star formation history,
metallicity, age grid, the initial mass function, reddening law, wavelength coverage and
filter setup used in the fitting. This is a crucial question in galaxy formation and evolution
as most conjectures that are derived from data are fully based on the galaxy properties
that are obtained through this method. As test particles we use mock galaxies whose
properties are known and well defined. We consider both star-forming and passive galax-
ies and a large redshift range, from 0.5 to 3. Mock star-forming galaxies are taken from
a semi-analytical galaxy formation model (GalICS) which uses as input the same stellar
population model (by Maraston 2005) used for the fitting templates, but we also ex-
periment with other stellar population models for both the fitting and the semi-analytic
galaxies (results for this are fully discussed in the Appendix). Mock passive galaxies
are simulated using solar metallicity simple stellar populations. We then treat the mocks
as real observed galaxies, i.e. we obtain their observed-frame magnitudes, apply SED-
fitting with various templates and compare the properties derived from the fitting to their
true values.
This work complements an earlier paper (Maraston et al., 2010, Section 6.1) where we
discuss the problem of deriving star formation rates and masses for real z ∼ 2 star-
forming galaxies right at the peak of the cosmic star formation rate. There we found that
the adopted star formation history affects the results, as well as the priors that are set on
the galaxy formation ages. This happens because the age parameter becomes very poorly
constrained for galaxies with on-going star formation, due to the overshining of an older
generation by the youngest stars, even when these make up just a few percent of the to-
tal stellar mass. As a main result of that paper we put forward a star formation history
that allows a very good determination of star formation rates and masses of star-forming
galaxies. This is an exponentially-increasing star formation with high formation redshift
and a star formation timescale τ ∼ 0.4 Gyr. We also find that normally adopted τ -models
underestimate the stellar mass and overestimate the star formation rates. In this chapter
we quantify these various offsets using simulated galaxies.
Our results for mock star-forming galaxies can be summarised as follows:
• The match between template and real SFH is crucial for a simultaneous determi-
nation of the galaxy physical parameters. For example, at high redshift - when the
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galaxy ages span a confined range - stellar masses are very reasonably determined
- within 0.1 dex - with a variety of template choices. However, this comes as a
compensating effect of other properties being underestimated/overestimated.
• When there is a SFH mismatch, the direction is typically at underestimating ages
and stellar masses and overestimating reddening and SFRs, both due to overshining
from the youngest stellar generations and the age-dust degeneracy. We quantify
these effects as functions of adopted fitting setup.
• Inverted-τ models with the exact same prescriptions as in M10 (Section 6.1) allow
for a virtually perfect mass and SFR determination of z ∼ 2− 3 galaxies.
• When galaxies are older and have residual star formation, as is the case for the
semi-analytic galaxies at lower redshifts, the larger age span and the age-dust de-
generacy cause the mass (and the age) to be severely underestimated (by up to 0.7
dex) using standard templates composed of a variety of star formation histories.
• An efficient trick to reduce this effect is to switch off reddening in the fit as this
helps avoiding unrealistically young and dusty solutions. Reddening and star for-
mation rates should then be obtained through a separate fit.
• A similar effect is obtained by constraining the minimum age in the fitting as al-
ready done in the literature.
• Ages derived from the best fit are best compared to mass-weighted ages. They are
generally underestimated.
• Metallicity effects play a secondary role.
• The exact type of reddening law can be correctly identified when dust reddening
is present in the galaxies even if at high redshift differences in stellar mass arising
from the use of various reddening laws are negligible.
• Photometric uncertainties alone produce an uncertainty of on average 0.08 dex in
stellar mass and SFR and of 0.07 dex in age.
• At all redshifts, a wavelength coverage from the rest-frame UV to the rest-frame
near-IR allows to obtain the most robust results.
For mock passive galaxies we can summarise our results to:
• The stellar masses of passive galaxies can be very well recovered. The dispersion
from the true value amounts on average to less than 0.05 dex.
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• Metallicity effects become important for aged passive galaxies and using various
metallicities in the fitting appears to be the most secure option.
• The effect from photometric errors alone on the ages and stellar masses is ∼ 0.2
dex.
• The wavelength dependence of the best fit ages for old passive galaxies is smaller
than in the case of star-forming galaxies, but the scatter is substantially reduced by
including the rest-frame near-IR in the fit.
We conclude that the stellar population parameters of star-forming and passive galaxies
can be reasonably well determined provided one uses the right setup and wavelength cov-
erage. Although degeneracies between age, dust and metallicity can have a significant
effect, the mismatch between template and real SFH dominates at low redshift. Because
of this and the larger spread in stellar ages the stellar population properties of galaxies at
low redshift are recovered worse than those at high redshift. Based on our extensive study
we conclude that at z = 0.5 and 1 stellar population parameters are best recovered with a
wide setup, setting a minimum age of 0.1 Gyr in the fitting and excluding reddening from
the fitting parameters. This solution is acceptable, though not optimal, and future work
will be devoted in envisaging a good analytical description for this type of galaxies. For
z ≥ 2− 3 inverted-τ models give the best results for both mass and star formation rates.
In all cases, the coverage of UV to near-IR rest-frame wavelengths in the fitting is crucial,
but in some cases it is possible to find alternative filter band setups that can give reason-
able results. We quantify these effects which will be useful for the planning of surveys
and observational proposals.
Finally, due to the variety of assumptions made in the literature regarding fitting meth-
ods, stellar population models and adopted filters, caution is required when comparing
SED-fitting results between different studies (Lee et al., 2009). In order to ease these
comparisons we provide scaling relations for the stellar mass that allow transformation
from one set of fitting parameters and population models to another.
Chapter 5
Recovering stellar population
properties of mock galaxies with
redshift as a free parameter
In this chapter we explore the dependence of galaxy stellar population properties that are
derived from broad-band spectral energy distribution fitting on a variety of parameters,
such as star formation histories, age grid, metallicity, IMF, dust reddening and reddening
law, filter setup and wavelength coverage when redshift is also a free parameter in the
fit. In general, in this chapter we want to study whether one can obtain reasonable esti-
mates of photometric redshifts and stellar population properties at once. Again, the mock
galaxies described in Chapter 2 and used in Chapter 4 serve as test particles. This also
gives us the opportunity to directly compare to the case when redshift is known for these
galaxies. We show that for high redshift star-forming galaxies when using a broad wave-
length coverage (including the Lyman and the 4000 A˚ break) and a wide template setup
in the fit, photometric redshifts, stellar masses and reddening can be determined simulta-
neously. Masses are then similarly well recovered (median∼ 0.2 dex) as at fixed redshift
using the same fitting setup. At low redshift masses are better recovered than in the fixed
redshift case, such that the median recovered stellar mass improves by up to 0.3 dex (at
fixed IMF) whereas the uncertainty in the redshift accuracy increases by only∼ 0.05 dex.
However, a failure in redshift recovery also means a failure in mass recovery. Masses are
still generally underestimated because of mismatches in SFH and degeneracies between
redshift, age and dust, particularly at low redshift, which also cause underestimated ages
and overestimated reddening. Again at low redshift, the best way to determine stellar
masses is to fit without reddening. Masses are then underestimated by only ∼ 0.1 dex
whereas redshifts are similarly well recovered. As in the fixed redshift case (Chapter 4)
we quantify the offsets generated by adopting standard fitting setups. Not surprisingly,
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the recovery of properties is substantially better for passive galaxies, for which e.g. the
mass is recovered only slightly worse than at fixed redshift (underestimated by ∼ 0.02
dex instead of ∼ 0.01 dex, at fixed IMF) using a setup including metallicity effects. In
all cases, the recovery of physical parameters is crucially dependent on the wavelength
coverage adopted in the fitting because the redshift recovery depends on the wavelength
coverage. Redshifts are best recovered for a wavelength coverage from the rest-frame UV
to the rest-frame near-IR which includes the Lyman and 4000 A˚ break. As in the fixed
redshift case we quantify the effect of narrowing the wavelength coverage or adding and
removing filter bands and provide simple scaling relations that allow the transformation
of stellar masses obtained using different template and fitting setups and stellar popula-
tion models.
This chapter is organised as follows. We recap the different fitting setups and parameters
in Section 5.2. Results for star-forming galaxies are shown and discussed in Section 5.3,
those for passive galaxies in Section 5.4. The comparison of our results with the literature
is carried out in Section 5.8. In Section 5.9 we provide scaling relations that can be used
for homogenising data sets. Section 5.10 gives a summary of the work in this chapter.
Throughout this chapter we use a standard cosmology of H0 = 71.9 km/s/Mpc, ΩΛ =
0.742 and ΩM = 0.258 as used in GalICS (see Hatton et al., 2003) and magnitudes in the
Vega system.
The work in this chapter was carried out in collaboration with C. Maraston and C. Tonini.
The contents of this chapter will be published in Pforr, Maraston & Tonini (2012b, in
prep.). Since the publication was still in preparation and has not undergone the referee
process at the time of submission of this thesis the contents of Pforr, Maraston & Tonini
(2012b, in prep.) might be slightly different from the contents of this chapter.
5.1 Background
In the previous chapter we studied the recovery of galaxy properties of mock galaxies
with known redshift. We compared our work to recent studies by Longhetti & Saracco
(2009), Wuyts et al. (2009) and Lee et al. (2009) who address the uncertainties of the
derivation of physical parameters and their dependency on the fitting parameters using
simulated galaxies (Section 4.8). In this chapter we extend our study by assuming that
redshift is not known and needs to be determined alongside the stellar population param-
eters in the fit. Lee et al. (2009) and Wuyts et al. (2009) include photometric redshifts in
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their investigation and we will compare our results with theirs. In particular, Lee et al.
(2009) find that when redshift is free their stellar masses are underestimated more than at
fixed redshift. SFRs are slightly better determined, particularly at the highest redshifts.
Mean ages are younger than at fixed redshift but still overestimated overall. Furthermore,
their recovered redshifts are on average underestimated slightly. In general, when redshift
is underestimated then ages and masses are underestimated and SFRs are overestimated.
Furthermore, Lee et al. (2009) show that a large wavelength coverage from optical to rest-
frame near-IR is required to best recover the input physical parameters. Bolzonella et al.
(2000) already showed this for the determination of photometric redshifts when testing
their code HyperZ. They also showed that the redshifts of old and passive galaxies are
determined better than those of younger ones.
Wuyts et al. (2009) investigate the effects of photometric redshift and its uncertainties
by deriving the redshift first and then all other parameters in a separate fit in which the
derived redshift is used as fixed value. They find that errors on the derived properties
expressed as 68% confidence levels broaden by a few percent. For the most dust red-
dened objects they find a mass increase of 0.05 dex compared to the fixed redshift case.
Reddening is then somewhat lower.
As in Chapter 4, here we complement the literature work by using the M05 stellar popu-
lation models and also a wider redshift range and galaxy type.
In the previous chapter (Chapter 4, see also Pforr et al., submitted), we used mock galax-
ies with known physical properties - age, metallicity, reddening, mass and star formation
rate (for details see Chapter 2, Section 2.1). We studied the robustness of the results as a
function of various fitting setups by comparing the derived properties to the input proper-
ties of mock galaxies. Here, we use the same mock galaxies (star-forming and passive),
treat them in the same way and explore the same fitting setups.
However, in Chapter 4 spectroscopic redshifts were available and used in the fit. In this
chapter, we focus on investigating the effects of various assumptions for wavelength cov-
erage, star formation history, dust reddening, metallicity and IMF on the derivation of
galaxy physical properties when also the redshift is a free parameter.
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5.2 SED-fitting setups
The SED-fitting is carried out in the same way as described in Maraston et al. (2006)
and in Chapter 4. A detailed description of the method is given in Chapter 3. In this
chapter we employ the HyperZ code instead of HyperZspec. Again the best fit solution
is obtained by means of minimising χ2ν . Template setups and fitting parameters are intro-
duced in detail in Chapter 4, Section 4.2. In this section we recap them.
5.2.1 Model Template Setups
We employ the same template setups as in Chapter 4, Section 4.2. These are:
• wide template setup (default: Salpeter IMF, full age grid, 4 metallicities)
• mono-metallicity wide template setups
• wide template setup based on Kroupa, Chabrier and top-heavy IMF
• wide template setup with different age grids (rebinned, minimum age of 0.1 Gyr)1
• wide template setup based on BC03 models (Results for this are summarised in
Appendix B.)
• only-τ template setup
We do not consider the inverted-τ setup. Indeed, these models are not expected to be
very effective in determining the redshift because of their fixed age.
5.2.2 Wavelength range included in the fit
In Chapter 4 we addressed the importance of the wavelength coverage adopted in the fit.
We established that a broad wavelength coverage is needed in order to obtain the most
robust results in agreement with the findings of M06 and Kannappan & Gawiser (2007).
The wavelength coverage is of even greater importance when redshift needs to be de-
termined because the fit relies on the correct identification of the position of important
spectral features from which the redshift can be inferred when compared to their rest-
frame position in the spectrum (see Chapter 3 for a detailed description). Therefore, a
broad wavelength coverage appears to be important as already pointed out by Bolzonella
1Age grids are only varied for mock star-forming galaxies as these are affected by the overshining;
mock passive galaxies are by definition devoid of this.
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et al. (2000). With an accurate redshift we can then hope to be able to accurately de-
termine galaxy physical properties such as stellar masses. Moreover, up-coming surveys
such as the Dark Energy Survey (DES) rely on accurate photometric redshifts.
We carry out a comprehensive test of various filter setups and their performance in recov-
ering the galaxy physical properties to answer these questions. For this we use the same
filter setups as in Chapter 4, Section 4.2.2.
5.2.3 Photometric uncertainties
We quantify the effect of photometric uncertainties on the derived physical properties by
comparing results for original magnitudes and those scattered with Gaussian errors of the
mock galaxies2 at redshift 0.5 in the same way as described in Section 4.2.3.
5.3 Results for star-forming galaxies
In this section we compare the results derived from SED-fitting to the true values for
mock star-forming galaxies as a function of template setup (star formation history, metal-
licity, age grid, IMF, stellar population model3), filter set and wavelength coverage and
reddening law as we did in Chapter 4. Differences to the results in the previous chap-
ter will be caused by the additional degree of freedom in the fitting due to the unknown
redshift. Throughout this section we will compare our results to those obtained for mock
star-forming galaxies with known redshift in Chapter 4, Section 4.3.
As before we start by leaving dust reddening out of the procedure (both in the fitting
and the mock galaxies, referred to as ’unreddened case’ or ’case without reddening’) for
understanding the contributions of multiple stellar populations in the galaxies and their
degeneracies with redshift. We then repeat the exercise including dust reddening. Table
4.1 gives an overview of all fits that were carried out for redshifts 0.5, 1, 2 and 3. As
defined in the previous chapter we will use the quality estimator Q to evaluate the perfor-
mance of the various fitting setups and parameters.
We have shown in M10 (Section 6.1) and Chapter 4 that models with the smallest χ2ν do
not necessarily provide the best physical solution. For this reason we abstain from show-
ing any comparisons of χ2ν but focus instead on the effects of different template setups
and wavelength coverage on the recovered redshifts, ages, metallicities, SFHs, reddening
2without dust reddening
3see Appendix B
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and stellar masses. Additionally to the previous chapter, we also have the opportunity to
see how the derivation of other properties depends on the derived redshift.
5.3.1 Photometric redshift
In this section, we study the redshift recovery for mock star-forming galaxies (Figs. 5.1-
5.4). Firstly, we show the effect of template setup in Fig. 5.1. Overall, the differences in
redshift recovery between template setups are small. On average, redshifts are recovered
correctly within σ =
√
(
∑
(z − zmean)2)/N ∼ 0.1. The highest redshifts are recov-
ered best. Those for which ztrue = 2 redshifts are overestimated and show larger scatter
(σ ∼ 0.15). For the only-τ setup we find more outliers for ztrue = 2 objects in the unred-
dened case. For these, recovered redshifts are mainly below 1 and best fits have very
short star formation time scales (τ ≤ 0.05) and young ages. Indeed, they belong to the
youngest objects at this redshift. In the wide setup these are fitted with slightly older ages,
lower metallicity and even shorter star formation time scales (namely SSPs). Including
modest amounts of reddening reduces the outlier fraction and improves the redshift re-
covery with the only-τ setup. For the wide setup, differences arising from the inclusion
of dust reddening are small. Since the galaxies at z ≥ 2 are intrinsically young and in-
habit significant star formation they lack a distinct 4000 A˚ break. At z = 2 the chosen
filter set does not comprise the Lyman-limit (at 912 A˚ rest-frame). Hence, two important
features aiding the redshift determination are missing, making the process of obtaining
redshifts for galaxies in this redshift range very difficult. Galaxies with redshifts around
2 lie in the so-called redshift desert where the redshift determination is challenging even
with spectroscopic methods due to the lack of spectral lines in the optical (e.g. Bunker
1999; Glazebrook & the GDDS team 2003; Steidel et al. 2004 for attempts on filling the
redshift desert and for a recent review see Renzini & Daddi 2009). At z = 3 the Lyman-
limit falls into the range of the U filter and thus significantly helps in determining the
redshift.
Unlike for the mass recovery, excluding SSPs from the fit does not help to improve the
redshift recovery at low redshift. At high redshift, the scatter is somewhat smaller.
From these results we conclude that a wide setup is best for the redshift determination at
low redshift. At high redshift, the only-tau setup (including reddening) is better and also
more economic due to a smaller number of fitting templates.
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Figure 5.1: Redshift recovery for mock star-forming galaxies as a function of template
setup, namely wide (top) and only-τ (bottom) using a broad wavelength coverage (UB-
VRIJHK+IRAC). Solid lines refer to the case without reddening, dashed lines to the
reddened case. Input redshifts are colour-coded as black for z = 0.5, red for z = 1, blue
for z = 2 and green for z = 3, respectively. For each redshift we show the mean redshift.
Errorbars are one standard deviation (unreddened case in upper row, reddened case in
lower row).
In the next step we investigate the effect of metallicity on the redshift determination by
using the wide setup in mono-metallicity form. Although metallicity effects are small
(Fig. 5.2), redshifts are best determined with the lowest metallicity setup because the
metallicities of mock star-forming galaxies are predominantly sub-solar (compare Fig.
2.2). At every metallicity, the redshift recovery is best for z = 3 objects, because of the
above named reason. The redshift recovery is worst for z = 2 objects and in particular
for the highest metallicity setup. Reddening has the largest impact at low redshift where
it helps to rectify metallicity effects, but only a small effect overall. Note how well
redshift is recovered at z = 0.5 with reddening in spite of large offsets for the stellar
mass (compare Fig. 5.10).
Fig. 5.3 illustrates the dependence of redshift determination on the IMF of the templates.
Redshifts are best recovered with Salpeter IMF templates. Results for a Chabrier and
Kroupa IMF are very similar. Templates with a top-heavy IMF perform worst. The
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Figure 5.2: Median redshift recovery for mock star-forming galaxies as a function of
metallicity (increasing from left to right in each panel) using a broad wavelength cover-
age (UBVRIJHK+IRAC). Black symbols refer to the case without reddening, red to the
reddened case. Errorbars are 68% confidence levels.
right IMF cannot be identified by the fit as already concluded in Chapter 4. About 30%
of the objects at each redshift are associated with a top-heavy IMF instead of Salpeter.
The effect of adding reddening is again small. For the top-heavy IMF redshift estimates
at z = 3 are improved such that underestimated redshifts are cured by choosing larger
amounts of dust reddening. This is clearly due to the significantly bluer SED of the top-
heavy IMF at young ages. For Chabrier and Kroupa IMF redshift estimates at z = 1 are
improved when reddening is involved.
Finally, in Fig. 5.4 we show the dependence of the redshift recovery on the wavelength
coverage adopted in the fitting. The largest effects are seen for filter setups that do not
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Figure 5.3: Median redshift recovery for mock star-forming galaxies as a function of IMF
using a broad wavelength coverage (UBVRIJHK+IRAC) and a wide setup. Symbols as
in Fig. 5.2.
comprise the rest-frame near-IR and the red optical resulting in larger scatter and overes-
timated redshifts at z = 0.5 and 1. Clearly the old age of the objects is not sufficiently
constrained in the fit and gets compensated with a higher redshift. At z = 2 and 3, red-
shifts are underestimated because the use of sole optical filter bands excludes the 4000 A˚
break. At redshift 3 at least the Lyman-limit is covered by the filters. Additionally, the
galaxies’ young ages and restricted age range in the fitting helps the redshift recovery.
Omitting blue filter bands in the fitting has little effect at low redshift because the 4000
A˚ break is still included (in R band at z = 0.5 and I band at z = 1, compare Fig. 3.2). At
redshift 2 redshifts are overestimated with these filter setups because the rest-frame wave-
length covered by these filters contains information about the Lyman-absorption between
Lyman-α (1216 A˚) and the Lyman-limit (912 A˚) although missing the Lyman-limit itself.
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Figure 5.4: Redshift recovery (median) for mock star-forming galaxies as function of
wavelength coverage using a wide template setup. Redshift increases from top left to
bottom right. Red symbols refer to the case with reddening, black to the unreddened
case. Errorbars reflect 68% confidence levels.
For redshift 3 objects only the scatter increases. Furthermore, a filter setup missing out
on the near-IR filter bands JHK, means excluding the 4000 A˚ break at z = 2. For z = 3
this is less harmful because the Lyman-limit is still covered. Including reddening does
not alter these trends much but the scatter increases. At redshift 1 redshifts are overesti-
mated for the most restricted wavelength coverages.
In Chapter 4 we demonstrated that degeneracies between age, dust and metallicity are
the largest obstacles against obtaining robust stellar population properties from the fitting
because all of them have the ability to make the SED redder. Here, we have an addi-
tional degeneracy due to the unconstrained redshift. We show the correlation of redshift
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recovery with derived reddening and age in Fig. 5.5 for the wide setup and the broadest
wavelength coverage. There is no correlation between redshift recovery and reddening.
Fig. 5.1 already revealed that there is little difference in the redshift recovery between
the reddened and unreddened case. However, in the unreddened case the redshift recov-
ery is clearly anti-correlated with the fitted age at the lowest redshifts. For younger ages
redshifts are overestimated, for older ages they are underestimated. At z = 2 the connec-
tion loosens up and at z = 3 it turns into a weak correlation, such that for the youngest
ages redshifts are also underestimated. Here, young ages and lower redshifts (and low
metallicities) try to compensate shortcomings in the star formation history (SSPs) which
does not reflect the true star formation history of these objects (i.e. rising star formation).
We concluded in Chapter 4 already that SSPs should not be used in the fitting due to
their negative effect on the stellar mass recovery. However, for the redshift recovery the
exclusion of SSPs has a negligible effect at low redshift and only the scatter is decreased
Figure 5.5: Redshift recovery for mock star-forming galaxies as a function of derived
reddening (top row) and derived age (bottom row). Redshift increases from left to right.
Red symbols refer to the case with reddening, black to the unreddened case.
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Table 5.1: Redshift recovery as median(zfit− ztrue) and 68% confidence levels for mock
star-forming galaxies as a function of template setup, IMF and metallicity at each true
redshift.
setup ztrue = 0.5 ztrue = 1 ztrue = 2 ztrue = 3
no reddening
wide Salpeter −0.0125+0.0675−0.0525 −0.0250+0.1150−0.0750 0.0600+0.0800−0.0850 −0.0050+0.0400−0.1300
wide Kroupa −0.0100+0.0700−0.0800 −0.0400+0.1250−0.0600 0.0525+0.0775−0.0925 −0.0100+0.0500−0.1400
wide Chabrier −0.0100+0.0650−0.0750 −0.0400+0.1250−0.0650 0.0500+0.0850−0.0750 −0.0050+0.0450−0.1600
wide top-heavy −0.0225+0.1325−0.0775 −0.0300+0.1350−0.0850 0.0450+0.1150−0.1650 −0.1000+0.1450−0.0700
wide best IMF −0.0050+0.1000−0.0700 −0.0200+0.1000−0.0800 0.0550+0.0800−0.0750 −0.0050+0.0500−0.1200
wide Z=0.004 0.0000+0.1000−0.0700 0.0075+0.0875−0.0675 0.0525+0.0925−0.0875 0.0050+0.0400−0.1100
wide Z=0.01 −0.0425+0.0475−0.0475 −0.0075+0.0975−0.0975 0.0450+0.1150−0.1000 0.0050+0.0450−0.1750
wide Z=0.02 −0.0400+0.0750−0.0550 −0.0100+0.0700−0.0900 0.0550+0.0750−0.0750 −0.0050+0.0400−0.0450
wide Z=0.04 −0.0600+0.1750−0.0900 −0.0550+0.1100−0.1000 −0.0200+0.1350−0.1600 −0.0300+0.0500−0.0550
only-τ −0.0400+0.0800−0.0550 −0.0150+0.0700−0.0850 0.0525+0.0725−0.1075 0.0200+0.0300−0.0500
with reddening
wide Salpeter 0.0500+0.1250−0.0600 −0.0200+0.0800−0.0800 0.0550+0.0950−0.1100 −0.0075+0.0675−0.1175
wide Kroupa 0.0050+0.1100−0.0600 −0.0125+0.0675−0.0875 0.0600+0.0850−0.1150 −0.0175+0.0625−0.1075
wide Chabrier 0.0025+0.1225−0.0875 −0.0075+0.0625−0.0975 0.0500+0.1000−0.1200 −0.0150+0.0650−0.1000
wide top-heavy 0.0050+0.1100−0.0550 −0.0500+0.1100−0.0900 0.0450+0.1050−0.1500 −0.0450+0.0750−0.0600
wide best IMF 0.0225+0.1075−0.0725 −0.0100+0.0750−0.1100 0.0650+0.0800−0.1050 −0.0075+0.0675−0.0975
wide Z=0.004 0.0025+0.1325−0.0575 0.0000+0.0750−0.0600 0.0600+0.1000−0.0950 −0.0025+0.0575−0.1025
wide Z=0.01 −0.0050+0.1150−0.0600 −0.0050+0.0650−0.0950 0.0450+0.0900−0.1100 −0.0125+0.0575−0.1375
wide Z=0.02 −0.0050+0.1250−0.0850 −0.0050+0.0600−0.0600 0.0650+0.0850−0.1200 −0.0150+0.0650−0.0900
wide Z=0.04 0.0025+0.0875−0.1025 −0.0525+0.0875−0.0575 0.0250+0.1250−0.1700 −0.0300+0.0850−0.0850
only-τ −0.0050+0.1200−0.0850 −0.0100+0.0700−0.0450 0.0625+0.0875−0.1025 −0.0050+0.0650−0.0800
at higher redshift.
With respect to the findings of Fig. 5.5 we investigated whether redshifts can be better
recovered by using only one particular reddening law in the fit or by using a different age
grid. Constraining the age grid by rebinning or applying a minimum age of 0.1 Gyr does
not improve the median redshift estimate. For single objects at low redshift a minimum
age constraint helps. Equivalently, we do not find any reddening law performing better
than another or the best fit out of all reddening laws.
In summary, we find that redshifts are recovered quite well overall and the redshift re-
covery depends only weakly on template setup, IMF and metallicity because of compen-
sating effects. Since the inclusion of reddening seems to help the redshift recovery the
most economic template setup to use is an only-τ setup including reddening in the fit.
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Redshifts are best recovered with a Salpeter IMF and low metallicity because the mock
star-forming galaxies are based on a Salpeter IMF and consist predominantly of sub-solar
metallicity populations. Redshifts are best recovered with a broad wavelength coverage
which comprises the Lyman-limit and the 4000 A˚ break. Thus, red optical and near-IR
filter bands are crucial in recovering the right redshift of high redshift objects. The red-
shifts of z = 2 objects are recovered worst, those of z = 3 objects best for this reason.
Median recovered redshifts with their 68% confidence levels are summarised in Table 5.1.
5.3.2 Age
In Chapter 4 we established that mass-weighted ages seem to be best recovered in the
fit, but that age is overall poorly recovered, especially for the oldest galaxies with little
on-going star formation (see Fig. 4.2). Here, we confirm this result when redshift is a
free parameter. In comparison to the fixed redshift case, ages of the oldest galaxies are
better recovered (Fig. 5.6) such that very young ages (< 108 yr)4 are less common in the
fitting when reddening is included. However, ages are still underestimated in most cases
because of the age-dust degeneracy (see Renzini, 2006, for a detailed description of this
degeneracy and its effects). Additionally, fitted ages tend to anti-correlate with true ages
(luminosity or mass-weighted) for the majority of the oldest objects when reddening is
used in the fitting. This is clearly an effect of the added degeneracy with redshift.
In the unreddened case ages are better recovered compared to the reddened case and to
the fixed redshift case but are still mostly underestimated. The only-τ setup recovers ages
slightly better than the wide setup in the unreddened case. Because we find negligible
difference to the case of fixed redshift studied in Chapter 4 at high redshift we do not
show it here. Generally, ages at high redshift are better determined because of a smaller
age range available in the fitting. Hence, the age-dust degeneracy has little effect and
only the youngest obtained ages (below 108 yr) are underestimated. As already discussed
in the previous chapter this is due to two reasons: 1) age-metallicity degeneracy - tem-
plate metallicities are much higher than mock galaxy metallicities, thus, bluer colours
are reproduced by younger ages, and 2) SFH mismatch between templates and mock
star-forming galaxies.
Mono-metallicity wide template setups help to separate metallicity effects. Similarly to
our findings in the previous chapter, when reddening is switched off and template metal-
licity is high, sub-solar metallicity galaxies are fitted with a younger age to compensate
4As in Section 4.3.1 these are predominantly fit with highly dust-reddened SSPs.
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Figure 5.6: Best fit ages compared to input ages of mock star-forming galaxies for the
wide and only-τ setups at redshift 0.5. Symbols as in Fig. 5.4. Left: Age of oldest present
SSP. Middle: V-band luminosity-weighted ages. Right: mass-weighted ages. Fig. 4.2
shows the case at fixed redshift.
this mismatch. This trend persists even when reddening is introduced. When redshift is
known metallicity effects are partly compensated by the age-dust degeneracy.
Although IMF effects on the redshift recovery are small, ages are more affected. Un-
like in Chapter 4 where ages derived with templates of different IMF differ significantly,
especially in the reddened case and at low redshift, ages are much more similar at low
redshift when redshift is left free. Scatter in the reddened case is significantly reduced
at low redshift. Because ages are otherwise very similar, we do not show them and only
recap the effect. At z ≥ 2 top-heavy IMF models give much older ages (and higher
reddening) then Salpeter IMF models because of the age-dust degeneracy. Kroupa and
Chabrier IMF models show systematically younger ages at these redshifts. In the unred-
dened case the effect of Kroupa and Chabrier IMF models is the same as in the reddened
case. Ages derived with a top-heavy IMF are much younger.
Finally, we study the wavelength dependence of the derived ages. We showed in Fig.
5.4 that redshifts are significantly worse recovered for narrower wavelength coverages.
However, results are similar to the ones in Chapter 4, thus we only summarise them here.
In the unreddened case the oldest galaxies (z = 0.5) are affected very little by a lack in
wavelength coverage. Excluding IRAC filters and using only optical wavelengths in the
fitting focusses the age distribution between 0.1 and 1 Gyr. For higher redshift and intrin-
sically younger objects derived ages become younger as wavelength coverage decreases.
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The more the wavelength coverage is restricted to the rest-frame UV, the younger the
derived ages. Neglecting blue filter bands has a very small effect such that a few objects
are rejuvenated. The inclusion of reddening has little impact on the general dependence
of derived ages on wavelength coverage. Of course, due to the age-dust degeneracy ages
are poorly recovered overall.
In summary, we find in agreement with Chapter 4 that ages are poorly recovered and
underestimated in most cases. This depends on the redshift estimate at low redshift such
that ages are underestimated5 when redshifts are overestimated and vice versa. At high
redshift ages are overestimated when redshift is overestimated and vice versa. However,
at low redshift ages are slightly better determined when redshift is a free parameter. The
age-metallicity degeneracy has a clearer effect and is not overshadowed by the age-dust
degeneracy. Ages derived with different IMFs are more similar to each other than at fixed
redshift, scatter is particularly reduced in the reddened case at low redshift. The difficulty
of recovering the oldest age remains.
5.3.3 Metallicity
In Chapter 4 we showed that most template metallicities were too high and consequently
metallicity was overestimated for most star-forming objects (Fig. 2.2 and 4.5). This is
also the case when redshift is free, particularly at high redshift (Fig. 5.7), even when
reddening is switched off. In the free redshift case the highest metallicity templates are
chosen more frequently. However, when reddening is included derived metallicities are
on average lower for the oldest galaxies. Furthermore, the metallicity is better recov-
ered in the reddened case at free redshift compared to the reddened case at fixed redshift
shown in the previous chapter (Fig. 4.5). The fact that statistically the fit is sensitive to
metallicity is preserved when redshift is a free parameter in the fitting. This means that
the number of best fit templates with low metallicities is larger at high redshift and vice
versa for high metallicities.
The wavelength dependence of the metallicities in the unreddened case is such that when
filter bands are omitted (red or blue alike) more objects are fitted with the lowest metal-
licity templates at low redshift. At high redshift the number of low metallicity best fit
solutions decreases and that of high metallicity best fit solutions increases. This is fur-
ther enhanced at each redshift when reddening is included in the fit. At known redshift the
dependence on wavelength coverage was smaller overall and largest when only optical
5in comparison to the mass-weighted age
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UBVRIJHK+IRAC
z=0.5, wide
UBVRIJHK+IRAC
z=2, wide
Figure 5.7: Comparison between recovered and mass-weighted metallicity of mock star-
forming galaxies at redshift 0.5 and 2 for the wide setup. Black and red symbols refer to
the cases without and with dust reddening, respectively. Template metallicities are -0.7,
-0.33, 0 and 0.35 (from a fifth solar metallicity to twice solar metallicity). The black solid
line is the line of equality. Fig. 4.5 shows the case at fixed redshift.
filter bands were used such that most galaxies were best fitted with the highest metallicity
templates.
The conclusion remains that metallicities are poorly recovered because ages are poorly
recovered.
5.3.4 E(B-V)
The recovery of dust reddening in the free redshift case studied in this chapter is very
similar to the one at fixed redshift of Chapter 4. Therefore, we refer the reader to Fig.
4.6 and restrict ourselves here to a mere description of the reddening recovery and its
dependence on template setup and wavelength coverage.
At z ≤ 1 reddening is overestimated for all setups. However, the recovery is better than
at fixed redshift. At z = 2 reddening is very well recovered for each template setup. At
z = 3 reddening derived with the wide setup is slightly underestimated. Fits with the
only-τ setup provide slightly larger reddening values (compare also Fig. 20 in M10, and
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Section 6.1) and more scatter than those with the wide setup.
Again, as in Chapter 4, we find that fitted ages are younger at low redshift when redden-
ing is included because of the age-dust degeneracy. However, compared to the previous
chapter the degeneracy is weaker at redshift 0.5 6 because redshift compensates.
When redshift is a free parameter the recovered reddening values are much more sensitive
to the wavelength coverage, especially at high redshift, because the redshift depends on
the wavelength coverage (see Fig. 5.4). Particularly, scatter increases at z = 3 when the
rest-frame near-IR is not covered in the fit. When the filter setup only comprises optical
filter bands reddening is overestimated at z ≥ 2 (by up to E(B − V ) = 0.5) because
redshift is underestimated. Additionally, we find that omitting blue filter bands results
in overestimated reddening at z = 2 because higher reddening and higher redshift are
degenerate with a younger age.
Reddening depends only little on template metallicity. The largest effect is seen for the
highest metallicity wide setup for which the scatter at z = 3 increases.
A cap on minimum age is less helpful as at fixed redshift because there are fewer very
young objects. Still the overestimation of E(B − V ) is reduced from maximal ∆E(B −
V ) = 1.1 to 0.6 at z = 0.5 and the scatter is smaller at high redshift. Rebinning the age
grid does not improve the reddening estimate at any redshift.
5.3.5 Stellar Mass
We demonstrated in M10 (Section 6.1) and Chapter 4 that star formation histories are the
most important factor for recovering the stellar mass. Hence, the choice of template setup
affects the result. At fixed redshift we found that masses are underestimated by a median
of 0.6 dex at low redshift and in the reddened case because of the age-dust degeneracy
and SFH mismatch. At high redshift masses are perfectly recovered using inverted-τ
models with high formation redshift and τ ’s larger than 0.3 Gyr (M10 and compare Fig.
4.7).
Although masses are still underestimated, the mass recovery is on average better at low
redshift for the wide setup when redshift is a free parameter in the fitting (Fig. 5.8 and
Fig. 5.9). In the unreddened case the improvement on the median mass is 0.1 dex, in
the reddened case 0.3 dex for one σ uncertainties in redshift of ±0.06 and −0.06 to 0.12,
6Fewer objects have E(B − V ) ∼ 0.4− 1.2 and ages are lower by ∼ 3 dex
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respectively (median redshifts are within ± ∼ 0.01). Overall, differences between the
reddened and unreddened case are much smaller than at fixed redshift (Chapter 4) be-
cause redshift compensates for SFH and metallicity mismatch, age-dust degeneracy and
overshining - the main reasons why masses are underestimated for the oldest galaxies
when redshift is fixed. However, when reddening is included, the mass recovery fails
completely for objects for which the redshift is underestimated the most. For these ob-
jects a very low redshift combined with a high amount of reddening, mostly very young
ages and a single burst SFH results in very low stellar masses. In Chapter 4 solutions
with the largest mass underestimation because of the age-dust degeneracy could largely
UBVRIJHK+IRAC, z=0.5
wide
UBVRIJHK+IRAC, z=2
wide
Figure 5.8: Stellar mass recovery at redshift 0.5 (left) and 2 (right) as a function of
template setup (from top to bottom in each panel: wide, only-τ ). Red circles refer to
cases with reddening, black dots to no reddening. Quality factors are given for the entire
mass range for reddened and unreddened cases, respectively. Fig. 4.7 shows the case at
fixed redshift.
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UBVRIJHK+IRAC, z=0.5
wide
UBVRIJHK+IRAC, z=2
wide
Figure 5.9: Stellar mass recovery at redshift 0.5 (left) and 2 (right) as a function of
template setup (from top to bottom in each panel: wide, only-τ ) when redshift is fixed
or a free parameter in the fit. Red circles refer to cases with reddening, black dots to no
reddening. The most extreme outliers for which the mass recovery fails when redshift is
a free parameter are not shown in this plot.
be avoided by 1) excluding SSPs or 2) introducing a minimum age. For the mass recov-
ery at unknown redshift the minimum age constraint is most effective at low redshift (see
discussion below). Excluding SSPs has no effect at low redshift, but improves the mass
estimate slightly at higher redshift.
The only-τ setup seemingly performs better than the wide setup at low redshift because
SFHs are a better match. But as the quality factors in Fig. 5.8 indicate, this setup produces
a few outliers in redshift and the mass recovery fails (both are 0) in both the reddened
and unreddened case. These objects belong to the most metal-poor ones. Apart from
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that, masses are generally less underestimated (Fig. 5.9). At high redshift masses are
nearly equally as well recovered as in the fixed redshift case for both setups indepen-
dently of dust reddening, meaning a good recovery for masses between 1010 and 1011M⊙
and underestimation at the low mass end. As discussed in the previous chapter these are
small disks and show increasing star formation (compare panel a) of Fig. 2.3 left-hand
side). In particular, for redshifts above 2 this means that photometry seems sufficient
to accurately determine redshifts and stellar population parameters, such as stellar mass,
simultaneously.
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Figure 5.10: Median recovered stellar mass with 68% confidence levels as function of
template metallicity. Redshift increases from upper left to lower right. Red and black
symbols refer to mock star-forming galaxies with and without reddening, respectively.
The number of catastrophic failures (z = 0 and mass = 0) increases with metallicity.
Fig. 4.8 shows the case at fixed redshift.
CHAPTER 5. MOCK GALAXIES WITH UNKNOWN REDSHIFT 133
In Fig. 5.10 we show the metallicity dependence of the mass recovery in more detail.
Overall, metallicity effects are of similar size as at fixed redshift. This means that at
low redshift, the median difference between true and recovered mass changes by ∼ 0.2
dex between the lowest and the highest metallicity setup. At redshift 3 metallicity ef-
fects can alter the median mass recovery by ∼ 0.3 dex (∼ 0.2 dex at fixed redshift).
The lowest metallicity setup provides the best mass recovery at most redshifts because
the template metallicity is closer to the input metallicity of the mock galaxies (compare
Fig. 2.2). Generally, the scatter is largest at high redshift and for the highest metallicity
templates. Reddening affects mostly the low redshift case resulting in a larger offset and
larger scatter. Overall metallicity effects are small and metallicity cannot be recovered
in the fit. Hence, it is sufficient and more economic to fit star-forming galaxies with a
mono-metallicity setup as concluded in the previous chapter and Bolzonella et al. (2010).
It is common practice to introduce a cut in minimum age in the fit in order to improve
upon the mass estimate (Wuyts et al., 2009; Bolzonella et al., 2010) and we have demon-
strated in the previous chapter that agemin = 0.1 Gyr works sufficiently well, particularly
at low redshift. Although the minimum age constraint does not affect the median (or
mean) redshift estimate much, the mass estimate still profits from this restriction at low
redshift (Fig. 5.11) such that the mean recovered mass improves from −0.49 ± 0.59 to
−0.33± 0.20 (median improves by∼ 0.01 dex). At high redshift, the underestimation at
the low mass end worsens with this age constraint and also the mean recovered redshift
is much worse (particularly at z = 3). We find that a simple rebinning of the age grid
has a negligible effect at low redshift and can even damage the mass estimation at high
redshift, similarly to our findings in Chapter 4.
Differences in stellar mass recovery when using different IMFs for the fitting templates
(Salpeter, Kroupa and Chabrier IMF) are small and amount to ∼ 0.2 dex (Fig. 5.12,
also compare Fig. 4.11). However, other parameters in the fitting like age and SFH
can compensate for the wrong IMF and consequently, mass offsets between the IMFs
show significant scatter, particularly for galaxies with little star formation. However, the
scatter is smaller for these galaxies compared to the one reported in Chapter 4. Masses
derived with top-heavy IMF templates are very poorly recovered and show large scatter.
Although the fit is sensitive to the choice of IMF the correct IMF cannot be identified by
means of the smallest χ2ν among all IMFs. This was already the case at fixed redshift in
Chapter 4 and confirms conclusions of M10 (Section 6.1) and the previous chapter that
the minimum χ2ν does not necessarily provide the best physical solution.
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z=0.5
age rebinned
z=2
Figure 5.11: Average recovered stellar mass in given input mass bin (binsize 0.5 dex) for
the wide setup with a minimum age of 0.1 Gyr and a rebinned age grid. Red points and
lines represent the reddened case, black stands for the unreddened case, blue thin lines
show recovered masses obtained with the full age grid including reddening, green thin
lines refer to a setup with rebinned age grid and reddening. Errorbars are one standard
deviation. Quality factors are given for the entire mass range. Fig. 4.9 shows the case at
fixed redshift.
Finally, we focus on the effect of different filter setups, i.e. wavelength coverage, on
the stellar mass recovery for the wide setup (Fig. 5.13). The mass recovery follows the
redshift recovery such that when redshifts are poorly recovered, stellar masses are poorly
recovered as seen in the case for the highest metallicities. This means, for older galaxies
with little on-going star formation (z = 0.5− 1) the lack of coverage in the IRAC bands
results in a median mass recovery that is underestimated more by 0.2 dex (∼ 0.1 dex in
the reddened case) compared to the full wavelength coverage. Also the scatter increases
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Figure 5.12: Median stellar mass recovery as a function of redshift and IMF (wide tem-
plate setup and UBVRIJHK+IRAC wavelength coverage for each). Errorbars are 68%
confidence levels. Redshift increases from the top left to the bottom right. Red and
black mark solutions for mock star-forming galaxies obtained with and without redden-
ing, respectively. The missing median values at z = 2 for UBVRI are −2.39+1.43−3.85 in the
unreddened case and−2.23+1.43−1.48 in the reddened case. The case at fixed redshift is shown
in Fig. 4.11.
with the lack of IRAC filter bands. When near-IR filter bands are missing, too, the scat-
ter increases even further such that now masses are also overestimated. Generally, the
scatter is larger when reddening is included. The lack of blue filter bands has only very
little effect on the mass recovery because the effect on the redshift recovery is small, too.
For young galaxies with high SFRs at z = 2 excluding IRAC and near-IR filter bands in
the fit results in a catastrophic failure of the mass recovery. For the narrowest wavelength
coverage the median recovered mass is underestimated by more than two orders of mag-
nitude and the scatter spreads across five orders of magnitude (for UBVRI at z = 2). This
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Figure 5.13: Median difference between true and recovered stellar mass with 68% confi-
dence levels as function of wavelength coverage and filter set at redshifts 0.5, 1, 2 and 3.
The filter setup is varied from left to right in each panel, redshift increases from the top
left to the bottom right. Symbols as in Fig. 5.8. The case of fixed redshift is shown in
Fig. 4.12.
is clearly due to the failure in recovering the redshift with these filter setups. Because the
redshift recovery is better at z = 3, masses are not underestimated as much as those at
z = 2 for similar wavelength coverages. The median recovered mass is underestimated
by∼ 0.3 dex more than for the broadest wavelength coverage. Omitting blue filter bands
has little effect in the unreddened case. In the reddened case masses are underestimated
by ∼ 0.35 dex at z = 2.
At each redshift, masses are best recovered when the wavelength coverage is broad in-
dependently of the use of reddening. Especially, the coverage of the rest-frame near-IR
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is crucial as already concluded by Lee et al. (2009) and Kannappan & Gawiser (2007);
Bolzonella et al. (2010) and M06 at known redshift.
When redshift is known and held fixed in the fit, we found that the mass recovery of
older galaxies with little star formation (at z = 0.5) is worse than when redshift is free
but depends only weakly on the wavelength coverage. At fixed, low redshift masses are
underestimated by ∼ 0.3 dex in the unreddened case and ∼ 0.7 dex in the reddened case
and the scatter is large. At z = 1, the main effect is that scatter increases when wave-
length coverage decreases. At z ≥ 2 the dependence on wavelength coverage is similar
to the one shown here but less strong. e.g. the median recovered mass is underestimated
by one order of magnitude in the reddened case for UBVRI at z = 2. Masses are better
determined at fixed, high redshift when the rest-frame UV is excluded in the fit because
the fit is carried out on the mass-sensitive part of the SED while ignoring the contribution
of recently formed stars. When redshift is free, however, the exclusion of the rest-frame
UV is harmful because the redshift recovery crucially depends on this wavelength range.
We identified mismatch in SFH and overshining as the main reasons for underestimated
ages and thus underestimated masses in Chapter 4. With inverted-τ models we were able
to rectify this. Here, a large factor is also the recovery of the correct redshift and we do
not expect inverted-τ models to help with that.
Excluding SSPs from the wide template setup, reduces the scatter in the reddened case
for fitting setups adopting a narrower wavelength coverage at z ≤ 2 as long as at least
6 filter bands and either near-IR or IRAC bands are added to the optical. At z = 3 the
median mass recovery improves for filter setups excluding the UV.
In summary, we find that although the stellar masses of mock star-forming galaxies are
still underestimated, they are better determined in most cases when redshift is a free
parameter in the fit, independently of template setup. This is valid for a redshift recovery
within ∼ 0.1 at low redshift. At low redshift, some catastrophic failures occur however,
due to catastrophic failures in redshift. Metallicity adds an uncertainty of ∼ 0.2 dex to
the mass estimate. The same is true for IMF effects. The mass estimate can be improved
with an artificial age constraint at low redshift, whereas at high redshift this does not help.
As in the fixed redshift case, masses are best determined at each redshift using a broad
wavelength coverage in the fit because then also redshifts and ages are best determined.
A lack in filter bands generally results in a worse performance and larger scatter. The
inclusion of reddening has the largest impact at low redshift because of degeneracies
between age, dust and redshift.
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5.3.6 Star formation history and star formation rate
Figure 5.14: Comparison between SFR derived from SED-fitting and input SFR as a
function of template setup and redshift. The template setup is varied in each panel (wide,
only-τ and inverted-τ from top to bottom), redshift increases from top left to bottom
right. Symbols are the same as in previous figures. Objects with SFR=0 are not shown.
SFR=0 indicates that the best fit solution is an SSP or a truncated SF model with an age
larger than the truncation time. Fig. 4.14 shows the case at fixed redshift.
In Fig. 5.14 we show the SFR recovery as a function of template setup. SFRs agree very
well with input SFRs only when the reddening is switched off. However, the recovery
gets worse with increasing redshift, and thus increasing SFR. At z = 3 the difference be-
tween the wide and only-τ setup is largest, such that the only-τ setup overestimates the
SFR and many SFRs are zero with the wide setup because the best fit template is a SSP.
At each redshift the only-τ setup recovers the SFRs best according to Q. When reddening
is included the wide setup takes the lead at z ≥ 1. However, SFRs are overestimated for
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all template setups due to underestimated ages caused by the age-dust degeneracy. At
redshift 3 the highest SFRs are underestimated instead.
Qualitatively, the SFR recovery is similar to the one at fixed redshift shown in Fig. 4.14.
When redshift is left free, though, SFRs are overestimated less at z ≤ 1 and underesti-
mated more at z = 3. We concluded in the previous chapter that the mismatch between
template and mock galaxy SFH is the biggest driver. Clearly, the rising SFRs at high
redshift are not very well matched by any SFH in the wide or only-τ setup. Inverted-τ
models (with high formation redshift and τ > 0.3) recovered the SFRs for star-forming
galaxies with rising SFH best in M10 (Section 6.1) and Chapter 4. Furthermore, we
demonstrated in M10 that the SFRs derived from inverted−τ models are in excellent
agreement with those derived from the UV-slope method for high-redshift star-forming
galaxies in the GOODS-S sample (see Fig. 19 in M10).
Similarly to the mass estimate, the SFR recovery profits from a minimum age constraint
mainly at low redshift where the age-dust degeneracy is controlled the most by this prac-
tical trick. The biggest effect is seen for the lowest SFRs which are less overestimated
(Fig. 5.15). Rebinning the age grid, however, causes SFRs to be even higher. At higher
redshift the high-SFR end is affected the most such that SFRs are less underestimated.
Again, the SFR estimate is hampered by rebinning the age grid, the highest SFRs are now
even more underestimated. These results are very similar to the ones obtained at fixed
redshift in Chapter 4 (compare Fig. 4.15).
Because SFRs obtained with Kroupa, Chabrier or top-heavy IMF templates show the
same behaviour independently of redshift as a free or fixed parameter we only sum-
marise the effect here and refer the reader to Fig. 4.16. In the unreddened case, SFRs
from Kroupa and Chabrier IMF templates are lower than those from Salpeter IMF tem-
plates and thus underestimate the SFRs. Top-heavy IMF templates perform significantly
worse such that SFRs are even lower, show a clear offset and are mostly zero at high
redshift. When reddening is included SFRs from Kroupa and Chabrier templates are
overestimated at low redshift and underestimated at high redshift. SFRs from a top-
heavy IMF are underestimated at each redshift when reddening is involved.
The effect of wavelength coverage on the derived SFRs is shown in Fig. 5.16. As in
the fixed redshift case SFRs are generally well recovered in the unreddened case partly
because of compensating effects. The recovery gets worse when rest-frame near-IR and
red optical filter bands are excluded. At low redshift, SFRs are then overestimated. At
high redshift more SFRs are zero. The same happens at low redshift when reddening is
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age rebinned
z=2
Figure 5.15: Average recovered SFRs (y-axis) compared to known binned SFRs at red-
shift 0.5 and 2 as a function of age grid. Red dots and lines represent solutions with
reddening, black ones those without reddening, for both a wide setup with minimum age
of 0.1 Gyr is used in the fit. Blue thin lines show the SFR recovery with a wide setup
and reddening for the full age grid. Green lines show the result for the rebinned age grid
when reddening is included. Bin sizes vary from 2.5M⊙/yr to 20M⊙/yr from z = 0.5 to
z = 3. Errorbars are one standard deviation. Quality factors are given for the entire SFR
range. The case at fixed redshift is shown in Fig. 4.15.
included. At high redshift scatter increases for the shortest wavelength coverage. Taking
out blue filter bands results in higher SFRs at low redshift and particularly at z = 2 be-
cause of a larger offset in redshift for these filter sets (compare Fig. 5.4). In Chapter 4
(at fixed redshift) we found the largest effect on the recovered SFRs in the reddened case
when blue filter bands are lacking because the most recent star formation is encoded in
the rest-frame UV.
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Figure 5.16: SFR recovery at z = 0.5, 1, 2 and 3 as a function of wavelength coverage.
Objects with SFR=0 are best fit with a SSP or a truncated model with age larger than
the truncation time and are not shown in this plot. The filter setup is varied from top to
bottom in each panel, redshift increases from top left to bottom right. Red circles refer to
the reddened case, black dots to the unreddened case. Fig. 4.17 shows the fixed redshift
case.
In summary, when redshift is a free parameter in the fit SFRs are best recovered with
the broadest wavelength coverage and a wide template setup although the right SFHs
might not be contained in it. SFR estimates can be improved at low redshift using an age
constraint. Using templates with Kroupa, Chabrier or top-heavy IMF results in underes-
timated SFRs. Reddening causes SFRs to be overestimated instead.
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5.4 Results for passive galaxies
After describing the results for mock star-forming galaxies for redshift, age, reddening,
metallicity, stellar mass and star formation rates, we now focus our attention on the re-
covery of the listed properties (except star formation rates) for mock passive galaxies.
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Figure 5.17: Median redshift recovery for mock passive galaxies as a function of template
setup, namely wide, only-τ , only SSPs and solar SSP, using a broad wavelength coverage
(UBVRIJHK+IRAC). Black symbols refer to the case without reddening, red ones to the
reddened case. The blue and green symbols refer to the redshift recovery of mock star-
forming galaxies obtained with the wide setup without and with reddening, respectively
(compare also points for ’all Z’ in Fig. 5.2). Errorbars are 68% confidence levels.
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5.4.1 Photometric redshift
In Fig. 5.17 we show the redshift recovery of mock passive galaxies as a function of tem-
plate setup. Due to their age and passive nature which results in a well established 4000
A˚ break and absence of overshining we expect the redshift estimation for these passive
galaxies to be better than those for mock star-forming galaxies. Overall, redshifts are
recovered very well, independently of template setup in the unreddened case. Redshifts
of z = 3 objects are recovered slightly worse (∆z . 0.1) than those of lower redshift
ones because of the slight mismatch in age7 which is overcompensated by a combination
of older age, prolonged SFH and lower redshift. In the reddened case we find larger
scatter at the lowest redshift in general and for setups with wide ranges in metallicities in
particular. Here, the redshift recovery fails for a few objects (5%) because of degenera-
cies between age, dust, metallicity and redshift. Instead of being old, these objects are
misidentified as very young, very dusty, high metallicity, high redshift single bursts.
In order to single out the effect of metallicity we performed the fitting using mono-
metallicity wide setups. The resulting median redshift recoveries are shown in Fig. 5.18.
Clearly, redshifts are best recovered with templates of the right metallicity even when the
SFH is not the right one. When reddening is excluded the SFH can compensate for the
wrong metallicity and when the template metallicity is not too low (or high) the redshift
recovery is still decent. Redshifts are systematically overestimated for the lowest metal-
licity templates. When reddening is included, the scatter and outlier fraction increases,
particularly for the oldest objects (z ≤ 1). For the lowest metallicity, the redshift recov-
ery is still the worst and the scatter is very large. Although lots of objects are fit with the
right SFH (namely a SSP), albeit with very young ages, large amounts of dust and a high
redshift fail in compensating the blue colour required by the metallicity.
Fig. 5.3 in Section 5.3.1 showed that the IMF plays a minor role with respect to the
redshift recovery of mock star-forming galaxies. We find the same for the mock pas-
sive galaxies and hence abstain from displaying it here. As for the mock star-forming
galaxies, the right IMF cannot be identified for mock passive galaxies by pure means of
minimum χ2ν .
Fig. 5.19 summarises the effect of wavelength coverage on the redshift determination
for mock passive galaxies. Overall, like for mock star-forming galaxies, the redshifts
of mock passive galaxies are best determined with a broad wavelength coverage. In the
7For ages of 1 and 1.5 Gyr the closest matching age of the template age grids are 1.015 Gyr and 1.434
Gyr.
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Figure 5.18: Median redshift recovery for mock passive galaxies as a function of metal-
licity using a broad wavelength coverage (UBVRIJHK+IRAC). Symbols and colours are
the same as in Fig. 5.17, but note the different scale.
unreddened case, the wavelength dependence is weak and only for the most restricted
wavelength coverages (mainly for a BRIK filter set) and youngest galaxies does scatter
increase such that the redshift is overestimated. In the reddened case, the redshift es-
timate becomes less robust and shows large scatter when near-IR and IRAC bands are
omitted for the oldest galaxies. Likewise a lack of blue filter bands results in overesti-
mated redshifts at z = 0.5 because the rest-frame blue and thus the 4000 A˚ break is not
covered anymore. At higher redshift, redshifts are overestimated when the wavelength
coverage is most restricted. Additionally, a lack of near-IR filters results in a worse red-
shift recovery because the 4000 A˚ break is excluded.
CHAPTER 5. MOCK GALAXIES WITH UNKNOWN REDSHIFT 145
-0.4
0
0.4
0.8
1.2
1.6
wide, passive
z=0.5
no reddening 
with reddening
-0.4
0
0.4
0.8
1.2
1.6
z=1
-0.4
0
0.4
0.8
1.2
1.6
z=2
-0.4
0
0.4
0.8
1.2
1.6
z=3
Figure 5.19: Median redshift recovery with 68% confidence levels for mock passive
galaxies as a function of wavelength coverage using a wide setup in the fit. Symbols and
colours are the same as in Fig. 5.17.
In summary, redshifts of mock passive galaxies can be very well determined, indepen-
dently of template setup, meaning SFH, and IMF. Metallicity plays an important role
in the redshift recovery and because the right metallicity can be identified passive mock
galaxies should be fit with a wide range in metallicities. As for mock star-forming galax-
ies, redshifts of mock passive galaxies are best determined when a broad wavelength
coverage is used in the fit. Restricted wavelength coverages result in overestimated red-
shifts, especially when reddening is included because of degeneracies between age, dust
and redshift.
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5.4.2 Age
The effect of template setup on the derived ages of mock passive galaxies is similar to
the fixed redshift case in Chapter 4. Fig. 5.20 compares the success of the wide, only-τ ,
only SSPs and only solar SSP template setups in recovering the correct age. Overall,
the median recovered ages show very little offset. The wide setup generally tends to
overestimate the ages and shows the largest scatter at each redshift. This is due to the
wide range in star formation histories and metallicities included in this setup. Ages are
still slightly overestimated for the only-τ setup at low redshift although it contains only
the correct metallicity (solar in our case). Here, the star formation history mismatch is
compensated by older ages. The comparison with the age recovery of the SSP setups at
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Figure 5.20: Recovery of age (median) for mock passive galaxies as a function of redshift
and template setup. Black and red symbols refer to the cases without and with reddening,
respectively. Errorbars are 68% confidence levels. Fig. 4.19 shows the case at fixed
redshift.
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z ≤ 1 shows that the overestimation in the wide and only-τ setup is mainly driven by the
mismatch in SFH although τ -models with short values of τ closely resemble a SSP. At
z = 2, the correct template underestimates the age because redshift is overestimated by
a small amount (∼ 0.05) in the majority of cases. When redshift is underestimated, ages
are overestimated. At z = 3 all template setups overestimate ages equally, merely the
scatter is smaller for the only-SSP setups. We have seen in Chapter 4 that this is caused
by a small mismatch between galaxy age and template age grid8 and photometric uncer-
tainties. This in turn causes underestimated redshifts at z = 3. The effect of including
reddening only increases the scatter by a small amount. Overall, ages are best determined
with a template of the right SFH and metallicity but even setups that inhibit a wider range
of SFHs and metallicities recover ages within ±0.06 dex (median). This is only slightly
larger than in Chapter 4.
We further investigate metallicity effects on the age recovery in Fig. 5.21 by using mono-
metallicity wide setups. Obviously, ages derived with a solar metallicity setup are recov-
ered best. The remaining scatter stems from the SFH mismatch. In the unreddened case,
fits with sub-solar metallicity template setups result in overestimated ages because older
ages compensate bluer colours due to metallicity. Although most galaxies get assigned
the right SFH (a SSP) - meaning the reddest solution is picked by the fit - for the lowest
metallicity template setup, ages are still required to be maximally old to compensate for
the underestimated metallicity. Yet, this is not effective enough if the true galaxy age is
already very old, hence the fit tries to compensate with overestimated redshifts as well
(compare Fig. 5.2). Additionally, as in the previous chapter, all χ2ν are larger than 2, most
are larger than 10, and fits are getting worse towards higher redshift. No other parameter
in the fit, i.e. age, SFH and redshift, can compensate such a large discrepancy in metal-
licity. At the highest redshift, ages are underestimated because a combination of longer
star formation, younger age and very high redshift gives the best solution (χ2ν are still
large). For the highest metallicity template setup, ages are underestimated because of the
age-metallicity degeneracy.
Compared to the previous chapter in which we studied the case of known redshift, here
underestimated (overestimated) redshifts compensate some of the effect. Consequently,
ages are underestimated (overestimated) by∼ 0.1 dex less than in the fixed redshift case.
The inclusion of reddening affects the age derivation mostly when sub-solar metallicity
template setups are used in the fit. For these dust reddening is an additional way to redden
galaxy colours. However, because of the age-dust degeneracy galaxies are now identified
8For ages of 1 and 1.5 Gyr the closest matching age of the template age grids are 1.015 Gyr and 1.434
Gyr
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Figure 5.21: Median age recovery of mock passive galaxies as a function of redshift and
metallicity. Black symbols refer to the unreddened case, red to the case that includes
reddening in the fit. Shown are 68% confidence levels. The missing point at z = 1 for
Z=0.004 in the reddened case lies at −2.55+2.01−0.60, and at z = 3 at −2.28+0.03−0.35. Fig. 4.20
shows the case at fixed redshift.
to be very young and dusty instead of old and dust-free and the scatter is very large (more
than 2 dex). Even though recovered ages are offset when template setups of the wrong
metallicity are used in the fit, the age determination works very well when the template
setup contains a wide metallicity range because the correct metallicity is identified for
most objects (see next section) and thus ages can be very well recovered.
Similar to the fixed redshift case, the age recovery is almost independent of the template
IMF (Fig. 5.22). At low redshift only scatter is larger for a Kroupa, Chabrier or top-
heavy IMF because the available age range in the fit is larger and age compensates for
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Figure 5.22: Median age recovery of mock passive galaxies as a function of redshift (i.e.
wavelength coverage and also intrinsic age) and template IMF. Symbols and colours are
the same as in Fig. 5.21. Errorbars refer to 68% confidence levels.
the wrong IMF. At high redshift, only the ages derived with top-heavy IMF templates are
overestimated by a small amount more than those derived with the other IMFs. However,
the scatter is larger than at known redshift. We discussed above already that the general
trend of overestimating the age with the wide setup is mainly driven by SFH mismatches.
Including reddening in the fit has a very small effect and merely increases the scatter at
low redshift. As for the mock star-forming galaxies, the right IMF cannot be identified by
choosing the best fit solution among all IMFs. Ages are best determined using a template
setup based on the Salpeter IMF.
The dependence of the age recovery on the wavelength coverage shown in Fig. 5.23
reveals that median ages are recovered within ∼ 0.1 dex for most filter setups in the
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Figure 5.23: Median age recovery of mock passive galaxies as a function of wavelength
coverage at redshifts from 0.5 to 3. Black symbols refer to the unreddened case, red to the
case that includes reddening in the fit. Errorbars reflect 68% confidence levels. Missing
points at z = 0.5 lie at −0.88+0.76−1.42 for ugriz, at −2.31+2.43−0.72 for BRIK and at z = 2 at
−0.54+0.59−0.65 for BRIK. Fig. 4.21 shows the age recovery at fixed redshift.
unreddended case. However, scatter increases with decreasing wavelength coverage. At
high redshift ages derived from setups that lack coverage in the bluest filter bands are
overestimated more. For these filter setups redshifts are overestimated and star formation
histories are mismatched. In comparison to the fixed redshift case, the scatter in the age
determination is larger when redshift is an additional free parameter. The age recovery
becomes very poor, particularly at low redshift, when reddening is included and the fil-
ter coverage lacks rest-frame near-IR and rest-frame red optical filter bands. Fig. 5.19
illustrated that also redshifts show large offsets and scatter in these cases. This is clearly
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caused by the degeneracy between age, dust and redshift as the main driver. At low red-
shift, reddening and redshifts are overestimated, therefore ages have to be underestimated
to compensate. The lack of blue filter bands has similar effects. For the youngest galax-
ies (at high redshift) ages are underestimated when the reddest rest-frame filter bands
are missing mainly because redshifts are overestimated and show large scatter. When
blue rest-frame filter bands are omitted in the fit ages are similarly overestimated as in
the unreddened case. The age-dust degeneracy merely increases the scatter. At z = 3,
the large scatter in the reddened case for a RIJHK+IRAC filter setup is generated by
the degeneracy with redshift which also shows large scatter (see Fig. 5.19). Although a
BRIK filter setup recovers ages similarly well as wider wavelength coverages in the case
of known redshift, the age recovery fails when redshift is a free parameter because red-
shifts cannot be constrained reasonably well with these four filter bands alone. Overall,
ages are best derived using the full wavelength coverage. Compared to the star-forming
galaxies, ages of aged and passive galaxies can be better determined in the fit due to a
well-defined 4000 A˚ break and the absence of overshining from young populations.
In summary, ages are best determined with templates of the right SFH and metallicity
but even setups that inhibit a wider range of SFHs and metallicities recover ages within
±0.06 dex (median). Template setups used to fit passive galaxies should contain a wide
range in metallicity, as 1) the correct metallicity can be identified in the fit (see Section
5.4.3) and 2) using the wrong metallicity offsets the recovered ages by±0.2− 0.3 dex in
the unreddened case and fails when reddening is included (Fig. 5.21). The choice of IMF
has very little influence on the overall age determination of mock passive galaxies. The
inclusion of reddening in the fit has overall only very little effect on the derived ages and
mostly only increases the scatter. The best age determination is achieved when a broad
wavelength coverage is used in the fit. The lack of rest-frame near-IR and red optical
filter bands results in underestimated ages. When reddening is involved in the fit, the age
is degenerate with dust and redshift and thus poorly recovered.
5.4.3 Metallicity
For nearly passive objects, we confirmed the findings of M06 in Chapter 4 that metal-
licity plays an important role in robustly determining the stellar population parameters
when redshift is known. In Section 5.4.2 we showed further that this still holds when
redshift is not known a priori. Because results are very similar to those in Chapter 4 we
restrict ourselves to a description here. Despite the wide choice of metallicity provided
in the template setup metallicity is closely recovered for most objects. The addition of
CHAPTER 5. MOCK GALAXIES WITH UNKNOWN REDSHIFT 152
reddening has only a small influence on this.
The dependence of derived metallicities on the wavelength coverage in the fitting is sim-
ilar to the fixed redshift case described in the previous chapter. In the dust-free case
at low redshift, a lack in red filter bands decreases the number of objects for which the
metallicity is correctly determined such that more metallicities are overestimated. Higher
metallicities and higher redshifts compensate for underestimated ages and longer star for-
mation. When blue filter bands are excluded metallicities are underestimated for a few
more objects. In the reddened case, more objects get assigned underestimated metallici-
ties for restricted wavelength coverages. Generally, effects are largest at low redshift.
As concluded in M06, Chapter 4 and the previous section, for passive galaxies it is im-
portant to fit with a wide choice of metallicities because metallicity can be recovered and
estimates of the remaining stellar population properties are more robust. Metallicities are
best recovered with a wide template setup and broad wavelength coverage.
5.4.4 E(B-V)
As described in Section 2.1 the mock passive galaxies used in this thesis are designed
without reddening. Hence, any dust reddening obtained from the fit overestimates the
true amount. Generally, reddening is recovered equally well when redshift is fixed or
free in the fit, therefore we do not show it here. Most objects are correctly identified to be
dust-free, the remainder contains only little reddening. Due to the age-dust degeneracy,
we find the largest effect for the oldest galaxies (low redshift) independently of template
setup.
However, reddening is much more sensitive to the wavelength coverage when redshift
is a free parameter and best recovered with the broadest wavelength coverage. When
the wavelength coverage decreases (in red and blue wavelength) many more objects are
wrongly identified to be reddened because ages and redshifts are poorly recovered. Un-
derestimated ages are compensated by overestimated reddening and redshift, particularly
at low redshift. This effect is much stronger when redshift is a free parameter compared
to the case of fixed redshift.
5.4.5 Stellar Mass
We found in the previous chapter that the stellar masses of mock passive galaxies can
be recovered very well in general. In this section we investigate if that is still true when
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redshift is not known and therefore cannot be used as a constraint in the fit. Firstly, the
median masses of mock passive galaxies are recovered within ∼ 0.02 dex for all tem-
plate setups (Fig. 5.24) as in Chapter 4. For the oldest galaxies in the unreddened case
the median mass recovery is nearly perfect but scatter is larger than at fixed redshift, par-
ticularly for template setups with a wider choice in metallicity. For these also the redshift
is recovered slightly worse. At higher redshift masses tend to be underestimated for all
template setups. For the wide and only-τ setups this is generated by a mismatch in SFH
and degeneracies between redshift, SFH and age. For the only-SSP setups this stems
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Figure 5.24: Median mass recovery of mock passive galaxies achieved with different
template setups as a function of redshift. Red symbols refer to the case with reddening,
black to the unreddened case. Errorbars show 68% confidence levels. Fig. 4.24 shows
the case at fixed redshift. The blue and green symbols refer to the mass recovery of
mock star-forming galaxies obtained with the wide setup without and with reddening,
respectively (compare also points for ’all Z’ in Fig. 5.10).
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Figure 5.25: Median mass recovery of mock passive galaxies as a function of template
metallicity. The input metallicity is solar. Symbols are the same as in Fig. 5.24. The case
at fixed redshift is shown in Fig. 4.25.
from the degeneracy between redshift and age because SFHs and metallicities match the
input. Note that for all template setups also photometric uncertainties and mismatch in
age between template age grid and mock galaxy age contribute (see Sections 5.4.2 and
5.7). Scatter is smaller than at fixed redshift because redshift compensates. Differences
between the reddened and unreddened case are small.
In the unreddened case the effect of metallicity on the stellar mass recovery is very clear.
When metallicity is underestimated masses are overestimated by∼ 0.4 dex. When metal-
licity is overestimated masses are underestimated by ∼ 0.2 dex. In comparison to the
fixed redshift case for which the mass determination with low metallicity template setups
fails at most redshifts, here redshift overcompensates. In fact, we showed in Fig. 5.18
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Figure 5.26: Median mass recovery of mock passive galaxies as a function of wavelength
coverage. Symbols are the same as in Fig. 5.24. Missing points in the reddened case at
z = 2 are at 0.64+1.56−0.57 (UBVRI) and at 0.81+0.19−0.42 (BRIK) and at z = 3 at 0.78+0.63−0.71 (BRIK).
that redshift is not recovered at all for the lowest metallicity template setup. The inclu-
sion of reddening has the largest effect for the lowest metallicity template setup for which
masses tend to be underestimated according to underestimated ages and still poorly re-
covered redshifts. Overall, masses are best recovered with a solar metallicity template
setup because it matches the input metallicity. Since metallicity is recovered in the fit (see
also Section 5.4.3) a wide template setup with a broader choice in metallicity recovers
masses equally well.
We established in the previous sections that the choice of IMF influences the overall fit
only very little. Furthermore, the result for the mass recovery is very similar to the one
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shown in Chapter 4 (Fig. 4.26) at fixed redshift, thus we do no repeat it here. Instead, we
summarise the effect into three points:
• Masses are best recovered with a Salpeter IMF template setup.
• The masses obtained using a Kroupa or Chabrier IMF template setup are under-
estimated at each redshift by ∼ 0.2 dex. Those obtained with a top-heavy IMF
template setup are overestimated by ∼ 1 dex.
• Reddening has very little impact on the previous two points.
We discussed in the previous chapter that the difference in stellar mass estimates with
various IMFs stems from their different mass-to-light ratios (M∗/L). As already con-
cluded in Chapter 4 and the previous sections, we again confirm here the notion that,
although the choice of IMF is felt in the fit, an identification of the correct IMF based on
the minimum χ2ν is impossible.
We present the dependence of the derived stellar masses on the wavelength coverage
in Fig. 5.26. The median recovered stellar mass depends only little on the wavelength
coverage in the unreddened case. The biggest effect is an increase in scatter when the
wavelength range is restricted because mass is directly correlated with age and redshift,
which both have large uncertainties. As for the age and redshift determination the recov-
ery of stellar masses is greatly hampered by the inclusion of reddening due to the many
degeneracies. Particularly, a lack in rest-frame near-IR and red optical coverage results
in vastly overestimated masses. These filter bands are crucial for the correct redshift
and age determination at high redshift because they include the 4000 A˚ break and the
TP-AGB. At low redshift masses are underestimated when blue filter bands are missing
because they cover the rest-frame wavelength range which is most crucial for the redshift
and age determination (i.e. the 4000 A˚ break). At each redshift masses are best recov-
ered when the full wavelength range is used in the fit. Compared to the case of known
redshift, masses are more affected by a lack of wavelength coverage and the inclusion of
reddening when redshift is a free parameter.
In summary, the stellar masses of mock passive galaxies can be recovered within ±0.02
dex when a wide setup and a broad wavelength coverage is used even when redshift is
a free parameter in the fit. Differences between template setups are small. Metallicity
effects can bias the recovered mass by at most∼ 0.5 dex. Masses estimated with Chabrier
and Kroupa IMF are lower than Salpeter masses by ∼ 0.2 dex, those from a top-heavy
IMF overestimate the mass by ∼ 1 dex. Masses depend much more on wavelength
coverage and are overestimated when rest-frame near-IR and red optical filter bands are
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missing. The inclusion of reddening affects then the most because of the age-dust-redshift
degeneracy.
5.5 Measuring the strength of the latest starburst
The results of M10 and Chapter 4 clearly show that recent star formation influences the
fit such that a robust recovery of age, stellar mass, reddening and star formation rate of
star-forming galaxies simultaneously is very difficult. We further investigated whether
the recovered properties then reflect the characteristics of the latest starburst rather than
that of the entire galaxy. Here, we carry out the same exercise leaving the redshift free.
For this we use the same simulated galaxies (a combination of young and old SSPs) as
described in Section 4.5.
Table 5.2: Derived redshifts, ages and stellar masses for a 1011M⊙ galaxy composed of
a 5 Gyr old population and a low percentage - 1 or 10% - of a younger population. Burst
characteristics are listed in the first column, while the second, third and fourth columns
list the derived redshifts, ages and masses.
Burst derived redshift derived age derived M∗
no reddening [M⊙]
1% 1Gyr 0.645 3.5 Gyr 10.91
1% 100Myr 0.965 4.5 Gyr 10.83
1% 10Myr 1.295 3.0 Gyr 10.89
1% 1Myr 1.240 47.5 Myr 9.73
10% 1Gyr 1.025 2.75 Gyr 10.87
10% 100Myr 1.125 227 Myr 10.60
10% 10Myr 0.890 8.7 Myr 9.82
10% 1Myr 1.190 6.6 Myr 10.04
Burst derived redshift derived age derived M∗
+ reddening [M⊙]
1% 1Gyr 0.645 3.0 Gyr 10.60
1% 100Myr 1.240 6.3 Myr 9.74
1% 10Myr 0.630 8.7 Myr 8.84
1% 1Myr 1.010 13.8 Myr 9.31
10% 1Gyr 0.605 4.75 Gyr 10.70
10% 100Myr 0.690 7.6 Myr 8.98
10% 10Myr 0.890 8.7 Myr 9.82
10% 1Myr 1.190 6.6 Myr 10.04
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The fitting is carried out using the broadest wavelength coverage and a wide setup. For
simplicity, we stick to solar metallicity for the simulated galaxies and the fitting setup.
Results for redshift, age and stellar mass are listed in Table 5.2.
In any case derived ages and masses are underestimated. Redshifts deviate by up to 0.4
from the true redshift but because of the many degeneracies there is no systematic trend.
Compared to the results obtained at known redshift (Table 4.2), ages are similar and much
closer to the age of the burst when the burst component accounts for 10% and is younger
than a few 100 Myr or very young and makes up only 1%. The mass estimate is improved
somewhat when the redshift is overestimated. When reddening is included in the fit ages
are very young unless the burst component is close in age to the old component. Due to
the age-dust degeneracy ages can even be younger than the age of the burst component.
Compared to the fixed redshift case the burst component starts to affect already when the
percentage is very low and reddening is included. The combination of underestimated
ages with underestimated redshifts results in stellar masses that only reflect the mass of
the burst. In some cases the mass is even lower than the burst mass.
Overall, we confirm that also when redshift is a free parameter in the fit, young burst
components can hide a large percentage of the total stellar mass, especially when there is
a large gap between the age of the burst and the age of the old component. Masses and
ages resemble the properties of the entire galaxy best when the burst component is old,
carries very little mass, and no reddening is used in the fit. When reddening is included
the offset from the true mass is still 0.3− 0.4 dex.
5.6 Reddening laws
We devote this section to the dependence of the fitting result on the particular reddening
law adopted in the fit. Specifically, our focus lies on the question whether an overall better
result can be achieved for mock star-forming galaxies by considering only one reddening
law. This option would also be more economic. M06 showed that the highest accuracy
for passive galaxies is achieved by choosing the best fit among all available reddening
options. For the mock star-forming galaxies one would expect the Calzetti reddening
law to outperform all other reddening options due to the particular design of the mock
galaxies.
We do not show the redshift recovery as a function of reddening law because results are
very similar. Qualitatively, the mass and SFR recovery are the same as in Chapter 4 at
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Figure 5.27: Average mass recovery as a function of reddening law at redshift 0.5. The
dotted black line shows the mass recovery when no reddening is used in either spectra or
fitting. The dashed thick black line shows the result when the best fit out of all reddening
laws is chosen for each object. The coloured thin lines represent the results applying only
one reddening law on the reddened spectra. Quality factors are for the entire mass range.
Fig. 4.28 shows the case at fixed redshift.
fixed redshift. The largest difference in mass recovery between the reddening laws is
found at z = 0.5 (Fig. 5.27) because of the age-dust (and redshift) degeneracy. These
galaxies have only little (or no) reddening and the age range available in the fit is largest.
The MW law by Allen and the LMC law give a significantly worse mass recovery. As
in the redshift fixed case the exact type of reddening law is on average less important at
high redshift, hence we do not show it again here. In any case, the best mass estimate is
achieved when no reddening is used in the fitting independently of the actual amount of
reddening present in the galaxies.
SFRs on the other hand are much more sensitive to the type of reddening law (Fig. 5.28).
At high redshift the results are very similar to the ones in Chapter 4, meaning the fitting
code is able to identify the right reddening law for most objects. Fitting without reddening
results in underestimated SFRs. At low redshift, SFRs are generally better recovered than
in the fixed redshift case. Star formation rates are best recovered when no reddening is
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Figure 5.28: Average SFR recovery as a function of reddening law at redshift z = 0.5.
Solutions are for a wide setup only. Colours and lines are the same as in Fig. 5.27. Note
that the data point at the highest SFR consists of only one object and is merely shown for
completeness. Fig. 4.29 shows the case at fixed redshift.
used. The Calzetti law performs best when reddening is included. When the best fit
among all reddening laws is chosen however, SFRs are overestimated more.
5.7 The effect of photometric uncertainties
Finally, we compare results obtained using original magnitudes and those scattered with
Gaussian errors9 in the fit to study the effect of photometric uncertainties. For simplicity
only the unreddened case is considered. As in Section 4.7 at fixed redshift we focus on
older galaxies with little or no on-going star formation (mocks at z = 0.5). Mock star-
forming galaxies are fit with the wide setup. Mock passive galaxies are fit with a solar
metallicity SSP only. Note, that templates do not comprise the exact SFH of the mock
star-forming galaxies.
Firstly, we compare the derived redshifts of the mock star-forming galaxies (Fig. 5.29,
bottom left). The redshift estimate is clearly better when original magnitudes (labelled
9Original magnitudes were scattered with their three σ photometric errors.
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Figure 5.29: Left: The effect of photometric uncertainties for mock star-forming galaxies
at z = 0.5 for a wide template setup and broad wavelength coverage. From top to bottom:
derived ages, stellar masses, star formation rates and redshift, respectively. Right: Effect
for passive galaxies. From top to bottom: derived stellar masses, ages and redshift,
respectively.
as cat 2 in Fig. 5.29) are used and there are no photometric uncertainties. Redshifts are
then determined within ∼ 0.1. For magnitudes that are scattered with Gaussian errors
they are only correct within 0.5. This has the biggest effect on the derived ages (Fig.
5.29, top left). When original magnitudes are used ages are systematically older and
thus better estimated overall. At fixed redshift this trend is less clear. The maximum
deviation is similar to the one in Chapter 4 (∼ 1.6 dex). Despite this large change in
age for single objects, masses differ only little; on average by 0.08 ± 0.16 dex similar
to the fixed redshift case. Consequently, the overall trend of underestimating the masses
of older galaxies with little on-going star formation remains also when redshift is a free
parameter. The mean difference between the derived SFRs is also small and smaller than
at fixed redshift.
Since we fitted the mock passive galaxies with the same model that was used to simulate
them, a solar metallicity SSP, differences between redshifts, stellar masses and ages can
CHAPTER 5. MOCK GALAXIES WITH UNKNOWN REDSHIFT 162
- independently of redshift - be mostly ascribed to photometric uncertainties caused by
scattering the magnitudes with photometric errors. Fig. 5.29, right-hand side, shows
that for the passive galaxies the effect is small in the unreddened case. Redshifts are
nearly perfectly recovered for original magnitudes (cat 2) and within 0.05 for magnitudes
scattered with Gaussian errors. Ages on the other hand differ more from each other and
also scatter more than at fixed redshift. The largest deviations are found for the oldest
galaxies which differ by maximal ∼ 0.2 dex. Stellar masses differ by ∼ 0.1 dex at most.
The inclusion of reddening has a large effect on the redshifts because of the age-dust-
redshift degeneracy. They now differ by maximal 0.25. Ages - again mainly at the old
end where spectra look very similar - differ by at most 0.5 dex. Masses deviate from each
other by ∼ 0.2 dex.
5.8 Comparison to results in the literature
Not much work has been devoted to the study of the robustness and accuracy of the de-
rived stellar population parameters from SED-fitting when redshift is a free parameter,
although many studies that involve the derivation of photometric redshifts evaluate the
quality of their photometric redshift estimates and calibrate them by using control sam-
ples for which spectroscopic redshifts are available (e.g. Ilbert et al., 2006; Quadri &
Williams, 2010; Dahlen et al., 2010, to name only a few). Firstly, we compare the re-
covery of our redshifts to the work of Bolzonella et al. (2000) in which they tested their
HyperZ-code. They also studied the dependence of the derived photometric redshifts on
various parameters in the fit, such as template setup, photometric uncertainties, wave-
length coverage, reddening and reddening law, metallicity and IMF. Then we focus on
the results of Lee et al. (2009) and Wuyts et al. (2009, W09) for other stellar population
parameters when redshift is left free.
Bolzonella et al. (2000) use a set of simulated galaxies produced from the template set
(based on Bruzual A. & Charlot 1993 stellar population models) under the assumption of
a homogeneous redshift distribution. Ages and spectral types are drawn randomly from
the template set. Magnitudes in all filter bands are scattered within fixed one σ values.
These range from 0.05 and 0.3mag (i.e. 5 to 30% error). They showed when testing their
photometric redshift code HyperZ that the determination of photometric redshifts is best
for a wide wavelength coverage and small photometric errors. For photometric errors as
used for our mock galaxies (i.e. ∼ 10%) Bolzonella et al. (2000) report a mean photo-
metric accuracy (expressed as mean difference < ∆z >= (∑(ztrue − zfit))/N under
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exclusion of catastrophic failures10) of −0.02, −0.02, −0.01 and 0.03 for redshift bins
of z = 0 − 0.4, 0.4 − 1, 1 − 2 and 2 − 3, respectively, when using a UBVRIJHK filter
set. Photometric redshift accuracies are similar in other studies (Ilbert et al., 2006; Wuyts
et al., 2009, e.g.). Our equivalent values but including catastrophic failures are −0.10,
−0.14, 0.27 and 0.04 for redshift z = 0.5, 1, 2 and 3 using a wide setup with reddening11.
Catastrophic failures for z = 1 amount to 1% and for z = 2 to 8%. At z = 0.5 and 3 we
do not have catastrophic failures according to the definition of Bolzonella et al. (2000).
Our values for the photometric accuracies are larger than those of Bolzonella et al. (2000)
very likely due to the age-dust degeneracy (at low redshift) and SFH mismatch between
template and mock galaxies. Note that Bolzonella et al. (2000) create the mock galaxies
from the template set that is used to fit them. Additionally, they restrict the reddening to
AV ≤ 1 mag and Calzetti law in their fit while we allow values up toAV = 3 mag and use
all reddening laws. It is also worth to note that the metallicity of templates and simulated
galaxies of Bolzonella et al. (2000) is fixed to the solar value, while both our simulated
galaxies and template setup cover a wide range in metallicities. At redshift 3 however
our value for the redshift accuracy is very similar due to the fact that for these objects
both the Lyman break and the 4000 A˚ break are covered by the chosen filter set. This
significantly improves the redshift recovery. However, including the rest-frame near-IR
improves our redshift recovery to −0.01, 0.02, −0.04 and 0.03 for redshift z = 0.5, 1, 2
and 3 , respectively, using a wide setup and reddening.
Overall, Bolzonella et al. (2000) conclude that although the redshift determination is most
sensitive to the photometric accuracy and wavelength coverage a sufficiently wide range
of ages and reddening is still important for deriving accurate photometric redshifts. They
find that for high redshift objects reddening is more essential for the redshift accuracy
and that the MW and LMC laws are not suitable. Our median recovered redshifts when
using different reddening laws (but a full wavelength coverage) differ only very little.
Furthermore they conclude that metallicity effects on the redshift recovery are negligible
at high-z and that the IMF seems to play a secondary role. Both findings are in agreement
with our work. Bolzonella et al. (2000) also showed that the redshifts of old and passive
galaxies are determined better than those of younger ones which we confirmed in the
previous sections.
We already compared our results at fixed redshift to the work of Lee et al. (2009) and
W09 in Chapter 4. Let’s briefly recap the basis of their works. Lee et al. (2009) address
10Catastrophic failures are defined by Bolzonella et al. (2000) as |∆z| = |ztrue − zfit| ≥ 1
11Median values of (zfit − ztrue) are 0.04, −0.003, −0.08 and −0.015 for z = 0.5, 1, 2 and 3 using a
wide setup with reddening and a UBVRIJHK filter set.
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the robustness of stellar population properties derived from SED-fitting of Lyman break
galaxies at 3 < z ≤ 5 (U-, B- and V-dropout galaxies). Mock galaxies are created from
a semi-analytic galaxy formation model using BC03 stellar population models with a
Chabrier IMF and are selected via the Lyman break criterion. SED-fitting is carried out
using BC03 templates of three metallicities (0.2 to 1 Z⊙), exponentially declining SFRs
(τ = 0.2 − 15 Gyr) and Chabrier IMF. Dust extinction is treated with the Calzetti law.
Compared to their results at fixed redshift stellar masses are underestimated more when
redshift is free. While at fixed redshift the means of the intrinsic and recovered mass
distribution differ between 19 and 25%, they differ between 25 and 51% when redshift is
free. We found at fixed redshift a difference of only ∼ 15% at the highest redshift (using
a wide setup, reddening and a minimum age of 0.1 Gyr). When redshift is free we find
the same because the redshift of z = 3 objects is very well recovered and the available
age range in the fitting is small.
Lee et al. (2009) also report large deviations of mean age and SFR from the true val-
ues such that mean SFRs are underestimated and (mass-weighted) ages are overesti-
mated caused by SFH mismatch and overshining. They find that SFRs and ages are
better recovered, if only slightly, when redshift is left free. We find that ages and SFRs
at z = 3 are recovered slightly worse because of the added degeneracy with redshift.
Recovered redshifts of Lee et al. (2009) are in general slightly underestimated with
(zfit − ztrue)/(1 + ztrue) ranging from −0.137 to 0.043 for U-dropouts. The ranges
are smaller for B and V-dropouts, i.e. they get narrower with increasing redshift. At red-
shift 3 we find a median offset in redshift expressed as (zfit−ztrue)/(1+ztrue) of−0.002
(and−0.007 for the mean) and a maximum deviation of−0.070 when using a wide setup
and reddening which is slightly smaller than the values of Lee et al. (2009). In agreement
with our findings Lee et al. (2009) also recommend a wide wavelength coverage from the
optical to the rest-frame near-IR for the best recovery of the galaxy physical parameters.
We showed in the previous chapter and in M10 (Section 6.1) that when redshift is known
using inverted-τ models with fixed formation redshift (zform ∼ 5) improves the mass and
SFR estimate for mock star-forming galaxies at z = 2 and 3 and recovers stellar masses
perfectly. For the inverted-τ models the difference between the means of true and recov-
ered stellar mass distributions was less than 1%. As explained in the previous chapter,
the use of inverted-τ models solves both problems identified by Lee et al. (2009) (SFH
mismatch and overshining) to be responsible for offsets in recovered stellar population
properties. Therefore, when redshift is a free parameter, we suggest for high redshift,
star-forming objects that redshifts should be determined with the best setup first and then
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used in a separate fit with inverted-τ models to obtain masses and SFRs.
This approach is taken by Wuyts et al. (2009). In the case of unknown redshift they
derive redshifts first and use these then in a separate fit to derive stellar population prop-
erties, such as ages, reddening, stellar masses and SFRs. Mock galaxies for this exercise
are extracted from a hydrodynamical merger simulation. The photometry of their mock
galaxies placed at intermediate redshifts is based on BC03 models. The SED-fitting is
carried out using HyperZ with solar metallicity, Salpeter IMF BC03 templates of three
star formation histories: SSP, constant SFR, and a τ -model with τ = 0.3 Gyr. Reddening
is varied betweenAV from 0 to 4 but only the Calzetti law is considered. The mock galax-
ies in W09 are distinguished into disk, merger and spheroid phase of the simulation. Thus
the mock star-forming galaxies used in our work compare mostly to galaxies in the disk
and merger phase of W09, the mock passive galaxies to galaxies in their spheroid phase.
At fixed redshift W09 find reddening, stellar masses and SFRs to be underestimated on
average. The properties of spheroidal galaxies are better recovered than those of the disk
and merger phase in general. When redshift needs to be derived in the fitting, they use
the template fitting code EAZY (Brammer et al., 2008) which fits a linear combination of
templates to the data and the redshift is derived by evaluating the probability distribution
function. Their median ∆z/(1 + z) is 0.031 which is comparable to our findings. The
main effect found by W09 on the stellar parameters caused by this uncertainty in redshift
is the broadening of the 68% confidence levels by 1% in ∆ log age, 7% in ∆ logM∗, 5%
in ∆E(B − V ) and 1% in ∆ log SFR. They find offsets in stellar mass and reddening
only for the dustiest objects. For these derived stellar masses are larger by 0.05 dex and
reddening smaller by ∼ 0.02 mag. But they point out that these effects are smaller than
those caused by SFH mismatches and reddening and might be template setup specific.
Compared to W09 the increase in stellar mass estimates that we find are not confined to
the dustiest objects but mainly affect the oldest galaxies with little on-going star forma-
tion.
Finally, Pozzetti et al. (2007) note for similar redshift accuracies an additional ∼ 0.2
dex (at z < 0.4,∼ 0.1 dex at z = 2) uncertainty in the stellar mass for their sample of
K-selected galaxies from the VIMOS VLT Deep Survey (Le Fe`vre et al., 2003).
5.9 Homogenising derived properties via scaling relations
In Chapter 4 we provided scaling relations for stellar mass that allowed us to transform
derived masses from one fitting setup to another because differences in the fitting setup,
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such as different models, templates, IMFs etc, influence the results. This enabled us to
homogenise and combine data sets that were analysed with different fitting parameters.
However, we relied on the availability of spectroscopic redshifts. For many up-coming
surveys, e.g. DES, these will not be accessible and one has to rely on photometrically ob-
tained redshifts instead. For this reason, we provide here the equivalent scaling relations
for stellar mass to those in Chapter 4 but when redshift is a free parameter in the fit in
Tables 5.3 and 5.4. We use a least squares fit and gain statistical robustness by using the
entire merger tree for mock star-forming galaxies. Note that these relations provide infor-
mation only about statistical differences, the difference in stellar mass between various
fitting setups for a single object can significantly deviate from this.
Table 5.3: Scaling relations for mock star-forming galaxies in the form of
logM∗wideSalpeter = a1 + a2 ∗ x where x stands for logM∗ of the various fitting se-
tups. The coefficients a1 and a2 represent the unreddened case, b1 and b2 represent the
reddened case. Table 4.3 lists the according values when redshift is known.
redshift x a1 a2 b1 b2
0.50 wide Chabrier 2.4652 0.7689 1.0713 0.9066
1.00 wide Chabrier 0.9667 0.9194 0.6539 0.9514
2.00 wide Chabrier 0.4726 0.9714 0.4078 0.9793
3.00 wide Chabrier 0.5029 0.9713 0.3796 0.9855
0.50 wide Kroupa 0.9823 0.9160 0.8023 0.9415
1.00 wide Kroupa 0.7665 0.9391 0.9961 0.9185
2.00 wide Kroupa 0.2099 1.0010 0.1410 1.0084
3.00 wide Kroupa 0.0043 1.0229 -0.0278 1.0271
0.50 wide Z⊙ 3.8500 0.6220 2.7551 0.7217
1.00 wide Z⊙ 1.2727 0.8723 1.1847 0.8779
2.00 wide Z⊙ 0.9155 0.9069 0.5792 0.9404
3.00 wide Z⊙ 0.7625 0.9258 0.5972 0.9421
0.50 only-τ 1.8875 0.8135 -0.0098 0.9878
1.00 only-τ 1.0996 0.8877 0.8531 0.9082
2.00 only-τ 1.6317 0.8354 0.5326 0.9429
3.00 only-τ 0.8059 0.9178 0.6248 0.9383
0.50 wide BC03 4.7388 0.5371 9.5668 0.0257
1.00 wide BC03 1.7411 0.8271 5.5878 0.4454
2.00 wide BC03 0.9954 0.8799 0.7234 0.9045
3.00 wide BC03 1.1207 0.8734 0.9429 0.8886
0.50 BC03 only-τ 6.0939 0.4064 9.3264 0.0524
1.00 BC03 only-τ 2.6001 0.7333 3.3156 0.6591
2.00 BC03 only-τ 2.4519 0.7361 1.3094 0.8447
3.00 BC03 only-τ 1.3444 0.8495 1.1954 0.8627
CHAPTER 5. MOCK GALAXIES WITH UNKNOWN REDSHIFT 167
Table 5.4: Scaling relations for mock passive galaxies in the form of logM∗wideSalpeter =
a1 + a2 ∗ x where x stands for logM∗ of the various fitting setups. The coefficients a1
and a2 represent the unreddened case, b1 and b2 represent the reddened case. Table 4.4
lists the according values when redshift is known.
redshift x a1 a2 b1 b2
0.50 wide Chabrier -0.2011 1.0279 -0.1207 1.0214
1.00 wide Chabrier -0.0626 1.0169 0.2429 0.9899
2.00 wide Chabrier 0.1971 0.9966 0.2053 0.9959
3.00 wide Chabrier 0.0941 1.0058 0.0792 1.0070
0.50 wide Kroupa -0.1339 1.0206 -0.1769 1.0244
1.00 wide Kroupa 0.0134 1.0084 0.2191 0.9895
2.00 wide Kroupa 0.1573 0.9970 0.1497 0.9977
3.00 wide Kroupa 0.0686 1.0051 0.0528 1.0063
0.50 wide Z⊙ 0.0085 0.9954 -0.2862 1.0251
1.00 wide Z⊙ -0.2216 1.0187 -0.4324 1.0365
2.00 wide Z⊙ -0.0265 1.0026 -0.0251 1.0024
3.00 wide Z⊙ 0.1417 0.9881 0.1424 0.9881
0.50 only-τ 0.0237 0.9940 -0.1676 1.0144
1.00 only-τ -0.2621 1.0224 -0.5312 1.0451
2.00 only-τ 0.1464 0.9884 0.1460 0.9882
3.00 only-τ 0.0489 0.9965 0.0354 0.9975
0.50 SSPs 0.0201 0.9973 -0.0340 1.0028
1.00 SSPs -0.0973 1.0086 -0.0747 1.0065
2.00 SSPs 0.1210 0.9897 0.1676 0.9858
3.00 SSPs -0.0371 1.0036 -0.0368 1.0036
0.50 wide BC03 0.5146 0.9411 11.0290 0.0195
1.00 wide BC03 0.3867 0.9504 2.0655 0.8387
2.00 wide BC03 -0.4636 0.9866 2.3464 0.7772
3.00 wide BC03 0.1364 0.9565 3.5024 0.6933
5.10 Summary and conclusions
We analyse the problem of recovering galaxy stellar population properties - such as pho-
tometric redshifts, ages, star formation rates, stellar masses - through broad-band spectral
energy distribution fitting as a function of the various parameters of the fit, namely: star
formation history, metallicity, age grid, IMF, reddening law, wavelength coverage and fil-
ter setup used in the fitting. As test particles we use the same mock galaxies (passive and
star-forming) as in Chapter 4 for which we know the properties. The investigated redshift
range is 0.5 ≤ z ≤ 3. The photometry of mock galaxies is based on the stellar popu-
lation models by Maraston (2005) which we also used for the fitting templates. Results
for BC03 stellar population models (for mock galaxies and fitting templates) are fully
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discussed in the Appendix. Mock galaxies are treated as real observed galaxies such that
their observed-frame magnitudes are obtained and SED-fitting with various templates is
carried out on these. The properties derived from the fitting are then compared to the true
values of the mock galaxies.
This work complements the previous chapter such that here redshift is a free parameter
in the fit which allows us to analyse how this affects the results. In the previous chapter
at fixed redshift we found that for mock star-forming galaxies a mismatch in SFH is the
main driver for underestimated ages and masses and overestimated reddening and SFRs
due to overshining and the age-dust degeneracy. The galaxy physical properties can only
be determined simultaneously when SFHs between template and galaxy match. For mock
passive galaxies the stellar population properties are much better recovered.
When redshift is left free in the fit, we can summarise our results for the mock star-
forming galaxies to:
• A broad wavelength coverage is even more crucial in the simultaneous and ro-
bust determination of galaxy properties (ages, stellar masses, reddening and SFRs)
when redshift is a free parameter in the fit because photometric redshifts are best
recovered - within 0.01 to 0.06 (median ∆z) - when the rest-frame wavelength
range comprises important features such as the Lyman-limit or the 4000 A˚ break.
The redshifts of z ∼ 3 objects are best recovered because here both features are
covered by the broad wavelength range. The redshifts of z ∼ 2 objects are recov-
ered worst because the Lyman-limit is not covered by the filter setup and a well
established 4000 A˚ break is missing.
• The redshift recovery depends only weakly on the template setup, IMF, metallicity,
age grid and reddening law due to compensating effects, thus the most economic
option to obtain redshifts is via the use of a mono-metallicity wide setup or an
only-τ setup.
• The mismatch between template and galaxy SFH is still the most important driver
for underestimated ages and stellar masses and overestimated reddening and SFRs
because of the overshining and degeneracies between age, dust and redshift.
• Stellar masses at low redshift are better recovered when redshift is left free in the fit
because redshift compensates. At z = 0.5 a sacrifice of ∼ 0.01 (0.05) in accuracy
for the median redshift improves the median recovered stellar mass by 0.1 dex (0.3
dex) in the unreddened (reddened) case. However, the mass recovery fails when
the redshift recovery fails completely.
CHAPTER 5. MOCK GALAXIES WITH UNKNOWN REDSHIFT 169
• The effect of the age-dust-redshift degeneracy at low redshift which causes ages
and stellar masses to be underestimated can be reduced by fitting without red-
dening. In this way unrealistically young and dusty solutions are avoided while
redshifts are recovered similarly well.
• Similarly, the mass and SFR estimate are improved at low redshift by using a cap
on the minimum age. The redshift recovery is not affected by this.
• Ages are generally underestimated similar to the fixed redshift case. However,
because of compensating effects with redshift, the age recovery is better at low
redshift when redshift is a free parameter compared to the case of fixed redshift.
• Metallicity effects play a secondary role as in the fixed redshift case.
• SFRs are best recovered with a wide setup although the correct SFH is not included.
SFRs at low redshift are generally better recovered than at fixed redshift.
• Photometric uncertainties account for 0.4 in redshift uncertainty, masses are af-
fected on average by 0.08± 0.16 dex, SFRs are less affected than at fixed redshift.
For the mock passive galaxies our results are:
• Redshifts of mock passive galaxies are very well determined independently of tem-
plate setup, SFH and IMF. Again a broad wavelength range guarantees the best
redshift recovery.
• Stellar masses of passive galaxies can be very well recovered - within 0.02 dex for
a wide setup and wavelength coverage (0.05 dex for a wide setup and no reddening
but varying wavelength coverage) even when redshift is unknown.
• As in the fixed redshift case, metallicity plays an important role and the best option
is to use a wide range of metallicities in the fitting.
• The age recovery for old passive galaxies is less dependent on the wavelength
coverage than for star-forming galaxies but the inclusion of the rest-frame near-IR
helps to significantly reduce the scatter.
• The effect of photometric uncertainties on redshifts is 0.05, on ages and masses 0.2
dex and 0.1 dex, respectively.
We conclude that photometric redshifts are recovered very well in almost any case as long
as the wavelength coverage is wide. The stellar population parameters of star-forming
and passive galaxies can then be reasonably well determined provided one uses the right
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setup and wavelength coverage. In comparison to the fixed redshift case shown in Chap-
ter 4 masses and SFRs are better determined at low redshift when redshift is left free
because of the added degeneracy with redshift. Still the mismatch between observed and
assumed SFHs dominates the parameter estimate at low redshift. This and the larger
range in stellar ages means that the stellar population properties of low redshift galaxies
are recovered worse than those of high redshift galaxies. We conclude that at z ≤ 1 the
best parameter recovery overall is achieved with a wide setup and excluding reddening
from the fit. In the case of star-forming galaxies the metallicity range can be reduced for
economic reasons without affecting the overall results. As in the fixed redshift case dis-
cussed in Chapter 4 this solution is not optimal but acceptable and future work is needed
to obtain a better description of the SFHs for these galaxies.
For z ≥ 2 star-forming galaxies good results for redshift, mass and SFR can be ob-
tained simultaneously with a wide setup and no reddening in the fit, too. This means that
photometry appears to be sufficient for the robust determination of the stellar population
properties of high redshift galaxies. But as shown in Chapter 4 at fixed redshift, the best
recovery for stellar masses and SFRs is given when inverted-τ models are used in the fit.
We therefore recommend to obtain redshifts in the most robust way for these galaxies
first and to carry out a separate fit at fixed redshift with inverted-τ models to determine
stellar masses and SFRs even better.
Conclusions about the wavelength coverage remain unchanged from the fixed redshift
case, meaning a coverage of UV to near-IR rest-frame wavelengths in the fitting is cru-
cial. Again these effects are quantified and will be useful for the planning of purely
photometric surveys and observational proposals.
As stressed in Chapter 4 a variety of assumptions are made in the literature with regard
to fitting methods and parameter setups and thus we confirm what was already concluded
by Lee et al. (2009) and in Chapter 4 that one has to be cautious when comparing results
from different studies. We also provide scaling relations for the transformation of stellar
masses between fitting setups for the free redshift case to ease comparisons between
studies that rely on photometric redshifts.
Chapter 6
Recovering stellar population
properties of real galaxies
So far we studied the uncertainties involved in SED-fitting, mostly due to user-dependent
choices of the fitting parameters, and demonstrated under which circumstances and as-
sumptions robust results can be obtained for stellar masses and other galaxy properties.
For this we used mock galaxies with known properties. In this chapter, we focus on the
data samples of real galaxies introduced in Chapter 2. We will give a summary of the
particular assumptions and parameters used in the fitting for each sample based on the
findings of the previous chapters and show the obtained galaxy stellar population proper-
ties.
We start with high-redshift star-forming galaxies in the GOODS-S survey (Section 6.1)
and work our way via the luminous galaxies in the SDSS-III/BOSS survey (Section 6.2)
towards the nearby Universe with the largest galaxy survey undertaken so far - the SDSS-
I/II survey (Section 6.3). By doing so, we cover not only different redshift regimes but
also different galaxy types. For each of these three surveys spectroscopic redshifts are
available and used in the fitting.
6.1 Star-forming galaxies in GOODS-S - 1.4 < z < 2.9
Fitting synthetic spectral energy distributions to the multi-band photometry of galaxies
to derive their star formation rates, stellar masses, ages, etc. requires making a priori
assumptions about their star formation histories. A widely adopted parameterisation of
the star formation history, the so-called τ -models where SFR ∝ e−t/τ is shown to lead
to unrealistically low ages when applied to a sample of actively star-forming galaxies at
z ∼ 2, a problem shared by other star formation histories when the age is left as a free
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parameter in the fitting procedure. This happens because the SED of such galaxies, at all
wavelengths, is dominated by their youngest stellar populations, which outshine the older
ones. Thus, the SED of such galaxies conveys little information on the beginning of star
formation, i.e., on the age of their oldest stellar populations. To cope with this problem,
besides τ -models (hereafter called direct-τ models), we explore a variety of SFHs, such
as constant SFR and inverted-τ models (with SFR ∝ e+t/τ ), along with various priors on
age, including assuming that star formation started at high redshift in all the galaxies in
the test sample. We find that inverted-τ models with such latter assumption give SFRs
and extinctions in excellent agreement with the values derived using only the UV part
of the SED, which is the one most sensitive to on-going star formation and reddening.
These models are also shown to accurately recover the SFRs and masses of mock galax-
ies at z ∼ 2 constructed from semi-analytic models (see Section 2.1), which we use as
a further test. All other explored SFH templates do not fulfil these two tests as well as
inverted-τ models do. In particular, direct-τ models with unconstrained age in the fitting
procedure overestimate SFRs and underestimate stellar mass, and would exacerbate an
apparent mismatch between the cosmic evolution of the volume densities of SFR and
stellar mass. We conclude that for high redshift star-forming galaxies an exponentially
increasing SFR with a high formation redshift is preferable to other forms of the SFH so
far adopted in the literature.
This section is organised as follows. Firstly, we give a brief introduction to the specific
topic of this section (Section 6.1.1). In Section 6.1.2 we describe the template setups and
models used for the GOODS-S data sample (introduced in Section 2.2). Then we present
the results obtained for the different star formation history templates and their compar-
isons (Section 6.1.3). Finally, we give a general discussion and present our conclusions
(Section 6.1.4).
In this section only, we adopt a cosmology withΩΛ, ΩM and h = H0/(100 kms−1Mpc−1)
equal to 0.7, 0.3 and 0.75, respectively, for consistency with most previous works1. The
age of the best-fit model is required to be lower than the age of the Universe at the given
spectroscopic redshift. The SFR and masses are always in M⊙/yr and M⊙ units, respec-
tively.
1Differences in derived stellar population parameters arising from a cosmology using ΩΛ, ΩM and
h = H0/(100 kms
−1Mpc−1) equal to 0.719, 0.258 and 0.742 as used in Chapters 4 and 5, respectively,
are small.
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The work in this chapter was carried out in collaboration with C. Maraston, A. Renzini,
E. Daddi, M. Dickinson, A. Cimatti and C. Tonini and is published in Maraston et al.
(2010).
6.1.1 Background
In this section we focus on star-forming galaxies at 1.4∼<z∼< 2.5, hence covering the
epoch of major star formation activity, and explore a wide set of SFHs showing advan-
tages and disadvantages of different parameterisations of them. The case of passively
evolving galaxies at z∼> 1.4 was already addressed in Maraston et al. (2006).
It is well known that at z ∼ 2 galaxies with SFRs as high as a few ∼ 100M⊙/yr are quite
common (e.g. Daddi et al., 2005), and by analogy with the rare objects at z ≃ 0 with
similar SFRs (like Ultra Luminous Infra-Red Galaxies, ULIRGs), it was widely believed
that such galaxies were caught in a merging-driven starburst. However, integral-field
near-infrared spectroscopy has revealed that at least some of these galaxies have ordered,
rotating velocity fields with no kinematic evidence for on-going merging (Genzel et al.,
2006). Still, the disk was shown to harbour several star-forming clumps and to have high
velocity dispersion and gas fraction. All this makes such disks quite different from local
disk galaxies, and it is now well documented that the same properties apply to many sim-
ilar objects at z ∼ 2 (Fo¨rster Schreiber et al., 2009).
That high SFRs in z ∼ 2 galaxies do not necessarily imply starburst activity became
clear from a study of galaxies in the GOODS fields (Daddi et al., 2007). Indeed, for star-
forming galaxies at 1.4∼<z∼< 2.5 the SFR tightly correlates with stellar mass (with SFR
∝∼ M∗), with small dispersion (∼ 0.3 dex), as shown in Fig. 2.6. Only a few galaxies
lie far away from the correlation: a relatively small number of passive galaxies (with un-
detectable SFR, not shown in the figure), and sub-mm galaxies (SMG) with much higher
SFRs, which may indeed be the result of gas-rich major mergers. Among star-forming
galaxies, the small dispersion of the SFR for given M∗ demonstrates that these objects
cannot have been caught in a special, starburst moment of their existence. Rather, they
must sustain such high SFRs for a major fraction of the time interval between z = 2.5
and z = 1.4, i.e. for some 1 − 2 Gyr, instead of the order of one dynamical time (∼ 108
yr) typical of starbursts. Similar correlations have also been found at lower redshifts,
notably at z ∼ 1 (Elbaz et al., 2007), 0.2 ∼ z ∼ 1 (Noeske et al., 2007), and z ∼ 0
(Brinchmann et al., 2004).
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In a recent study, Pannella et al. (2009) have measured the average SFR vs. stellar mass
for 1.4 . z . 2.5 galaxies using the 1.4 GHz flux from the VLA coverage of the COS-
MOS field (Schinnerer et al., 2007). When combined also with data at lower redshifts
(see references above), Pannella et al. derive the following relation for the average SFR
as a function of galaxy mass and time:
< SFR >≃ 270× (M∗/1011M⊙)× (t/3.4× 10
9yr)−2.5 (6.1)
where the SFR is in M⊙/yr units and t is the cosmic time, i.e., the time since the Big
Bang. Beyond z ∼ 2.5 (t . 2.7 Gyr) the specific SFR (= SFR/M∗) appears to flatten out
and remain constant all the way to very high redshifts (Daddi et al., 2009; Stark et al.,
2009; Gonza´lez et al., 2010).
In parallel with these observational evidences, theorists are shifting their interests from
(major) mergers as the main mechanism to grow galaxies, to continuous cold stream ac-
cretion of baryons, that are then turned into stars in a quasi-steady fashion (e.g. Dekel
et al., 2009). Clearly, a continuous, albeit fluctuating SFR such as in these cold stream
models provides a far better match to the observed tight SFR-M∗ relation, compared to a
scenario in which star formation proceeds through a series of short starbursts interleaved
by long periods of reduced activity. This is not to say that major mergers do not play a
role. They certainly exist, and can lead to real giant starbursts bringing galaxies to SFRs
as high as ∼ 1000M⊙/yr, currently identified with SMGs (e.g. Tacconi et al., 2008;
Mene´ndez-Delmestre et al., 2009).
Deriving SFRs, ages, stellar masses, etc. from SED-fitting requires making assumptions
on the previous SFH of galaxies. A widespread approach is to fit the SED of galaxies at
low as well as high redshifts with so called “τ -models”, i.e., synthetic SEDs in which the
SFH is described by an exponentially declining SFR as defined in Eq. 3.14, starting at
cosmic time t0. For a galaxy at cosmic time t a χ2 fit then gives the age (i.e., t − t0, the
time elapsed since the beginning of star formation), the SFR e-folding time τ , the red-
dening E(B − V ), the metallicity Z and finally the stellar mass M∗ via the scale factor
A. The SFR then follows from Eq. 3.14, where t is the cosmic time corresponding to the
observed redshift of each galaxy. Of course, the reliability of the results depends on the
extent to which the actual SFH is well represented by a declining exponential.
It is worth recalling that the first applications of τ -models were to figure out the ages
of local elliptical galaxies, and the typical result was that the age is of the order of one
Hubble time, and τ of the order of 1 Gyr or less (e.g. Bruzual A., 1983). This approach
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confirmed that the bulk of stars in local ellipticals are very old, hence formed within a
short time interval compared to the present Hubble time. Later, the usage of τ -models
was widely extended also to actively star-forming galaxies at virtually all redshifts, to
the extent that it became the default assumption in this kind of studies (e.g. Papovich
et al., 2001; Shapley et al., 2005; Lee et al., 2009; Pozzetti et al., 2010; Fo¨rster Schreiber
et al., 2009; Wuyts et al., 2009). Such an assumed SFH may give reasonable results for
local spirals, as their star formation activity has been secularly declining for an order of
one Hubble time (e.g. Kennicutt, 1986), but we shall argue that it may be a rather poor
representation of the SFH of high-z galaxies, and may lead to quite unphysical results.
Cimatti et al. (2008) noted that the age of elliptical galaxies at z ∼ 1.6 turns out to be
∼ 1 Gyr both when using only the rest-frame UV part of the SED, and when using the
whole optical-to-near-IR SED in conjunction with τ -models. However, they also noted
that the former “age” is actually the age of the population formed in the last significant
episode of star formation, while the latter “age” corresponds to the time elapsed since
the beginning of star formation. The near equality of these two ages suggests that the
SFR peaked shortly before being quenched, rather than having peaked at an earlier time
and having declined ever since. Moreover, using τ -models one implicitly assumes that
galaxies are all caught at their minimum SFR, which is possibly justified for local ellip-
ticals and spirals, but not necessarily for star-forming galaxies at high redshifts that may
actually be at the peak of their SF activity.
Indeed, an integration of dM∗/dt =< SFR > where < SFR > is given by Eq. 6.1
shows that the SFR can increase quasi-exponentially with time before the effect of the
declining term t−2.5 takes over, or star formation is suddenly quenched and the galaxy
turns passive (Renzini, 2009). Mass and SFR formally increase exponentially when SFR
∝∼ M∗, independent of time, as appears to be the case for z∼> 2.5 (Gonza´lez et al.,
2010). Thus, the observations of both passive and star-forming galaxies at 1.4∼<z∼< 2.5
suggest that the SFRs of these galaxies may well have increased with time, rather than
decreased. For these reasons, in this chapter (Section 6.1) we use both direct-τ models,
with the SFR given by Eq. 3.14, as well as inverted-τ models in which the SFR increases
exponentially with time, as defined in Eq. 3.15.
Thus, direct-τ models assume that galaxies are caught at their minimum SFR and had
their maximum SFR at the beginning, whereas inverted-τ models assume that galaxies
are caught at their maximum SFR and had their minimum SFR at the beginning. These
two extreme assumptions may to some extent bracket the actual SFHs of real galaxies,
or at least of the majority of them which, because of the tight SFR-M∗ relation, must
have a relatively smooth SFH. Here we explore which of the two assumptions gives the
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better fit to the SED of z ∼ 2 galaxies, and discuss the astrophysical plausibility of the
relative results. Besides these exponential SFHs we also consider the case of constant
SFRs. In principle, other, differently motivated SFHs could also be explored, but in this
chapter (Section 6.1) we restrict the comparison to these three simple options, with SFRs
increasing with time, decreasing, or constant.
6.1.2 Setup for SED-fitting
The method we adopt for the SED-fitting is similar to the one used in Maraston et al.
(2006, hereafter M06). We construct composite population templates based on the stellar
population models of M05 and we use the HyperZspec code which performs the SED-fit
at fixed spectroscopic redshift2. In the current version of HyperZspec, kindly provided
to us by M. Bolzonella, 221 ages (or τ ’s) are used for each kind of SFH, instead of the
51 used in earlier versions of HyperZ. The use of denser grids tends to give somewhat
different results, an effect that is explored in detail in Chapter 4 (see also Pforr et al.,
submitted).
A detailed description of the method and HyperZspec is given in Chapter 3. It is impor-
tant to note that the code does not interpolate on the template grids, hence the template
set must be densely populated. The extinction AV is allowed to vary from 0 to 3 in steps
of 0.2, which corresponds to E(B−V ) from 0 to 0.74 according to the reddening law of
Calzetti et al. (2000), that we adopt for all fits. By doing so we implicitly assume that the
dust composition is the same in all examined galaxies and that there are no major galaxy
to galaxy differences in the relative distribution of dust and young, hot stars. Differences
in the extinction curve have been detected among z ∼ 2 galaxies, with some galaxies
exhibiting the 2175 A˚ UV bump, while others do not show it (Noll et al., 2009), but such
differences appear to have only minor effects on the derived SFR. Extinction is unlikely
to be uniform across the surface of galaxies, particularly in extremely dusty ones (e.g.
Serjeant, Gruppioni & Oliver, 2002). However, the tightness of the SFR-mass relation
for z ∼ 2 galaxies (compare Fig. 2.6), together with the agreement of their UV-derived
SFRs with those derived from the radio (Pannella et al., 2009) argues for such average
extinction approximation to be a fairly good one, at least for the majority of the galaxies
at these redshifts.
2For the fitting procedure we use photometric errors of 0.05 if the formal error is smaller than that, to
account for systematics in photometry and colour matching.
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For all models we considered only solar metallicity. This is different from the approach
adopted by M06 in fitting the near-passive galaxies at z . 2, for which they consid-
ered four metallicities and several possible reddening laws. Indeed, we have noticed that
varying the reddening law has only a very mild influence on the derived properties of star-
forming galaxies (Chapter 4), hence for economy we decided to stick to the reddening
law that gives the best-fit in most cases, which is the Calzetti law. As for the metallicity,
it is known that super-solar metallicities tend to give younger ages and higher masses
and vice-versa for sub-solar metallicities (e.g. M05). However, metallicity effects do not
change the main results of the present investigation. Indeed, our focus is on exploring
the effects of adopting different functional forms for the SFHs and we restrict the main
analysis at fixed, solar metallicity. On the other hand, metallicity effects over the SED of
star-forming galaxies are generally less important than age effects (compare Chapter 4).
The main difference with respect to M06, whose work was focused on nearly-passive
galaxies, consists in the composite population templates that are used in the fits. In
particular, besides a constant star formation and direct-τ models, we explore inverted-τ
models for various setups of ages and τ ’s. The latter models are quite a novelty in this
kind of studies, and we describe them in more detail below.
Direct and inverted-τ models
As mentioned above, besides constant SFR models, in this section we consider two main
sets of SFHs, namely direct-τ and inverted-τ models, where the evolution of the SFR is
given by Eqs. 3.14 and 3.15, respectively. For both types of SFHs, we calculate three
model flavours which mostly differ with respect to how the parameter age is treated,
namely:
• a) leaving the age as a free parameter;
• b) fixing the age by fixing the formation redshift and varying only τ ;
• c) constraining the age to be larger than τ .
The age of composite models is the time elapsed since the beginning of star formation,
i.e. is the age of the oldest stars (t − t0). In the age free case, we simply compute ex-
ponentially increasing/decreasing models for various τ ’s, and 221 ages for each τ . The
SED-fit with these age-free models releases for each galaxy a value of age = t − t0,
E(B − V ), M∗ and of τ .
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In the case of fixed age (case b), we assume that all galaxies started to form stars at the
same redshift zf , and therefore the age of a galaxy follows from the cosmic time differ-
ence between its individual spectroscopic redshift and zf . Thus, in this case the best fit
releases a value of τ , E(B − V ) and M∗. In this experiment we take zf = 5 for the
formation redshift, which implies that all galaxies are older than ∼ 1 Gyr (ages range
between 1 and 3 Gyr, depending on their redshift). In case c) the age can still vary freely,
but only within values that exceed the corresponding τ , so e.g. when τ is 0.5 Gyr, the
allowed ages for the fit must be ≥ 0.5 Gyr. In practice, among all the fits attempted for
case a) those with age < τ are not considered.
Age is a default free parameter in HyperZ, and therefore the procedure had to be modified
to cope with case b), for which age is no longer a free parameter. Thus, for each age we
have calculated a grid of models for 221 different τ ’s ranging from 0.05 to 10.3 Gyr in
step of 0.045 Gyr, although the cases with τ < 0.3 Gyr will be discussed separately. The
best-fit then finds the preferred τ . If we were to consider all kinds of galaxies, includ-
ing passive galaxies and low-redshift ones, the exponentially-increasing models should
be quenched at some point, which could be done either by SFR truncation, or adding a
further exponential decline. We did not quench the models here as the galaxies we focus
on are all actively star-forming at the epoch of observation. It is worth emphasising that
the set-up with fixed age clearly has one degree of freedom less than those with age free,
which will affect their χ2ν values.
The quality of the fits is measured, as usual, by their χ2ν , but we believe that the plau-
sibility of the fits can be assessed only considering the broadest possible astrophysical
context. Before presenting our results it is worth adding some final comments on the
derived stellar masses and SFRs. In this work we have used templates adopting a straight
Salpeter IMF down to 0.1M⊙. This is not the optimal choice as it is generally agreed that
an IMF with a flatter slope or cut-off at low masses, like those proposed by Kroupa (2001)
or Chabrier (2003), is more appropriate for deriving an absolute value of the stellar mass
or of the SFR. However, the focus of this work is in comparing the results obtained with
different SFHs, hence the slope of the IMF below∼ 1M⊙ is irrelevant. Note also that the
reported stellar mass M∗ is the mass that went into stars by the age of the galaxy. This
overestimates the true stellar mass, as stars die leaving remnants whose mass is smaller
than the initial one, and the galaxy mass decrement in case of extended star formation
histories is ∼ 20− 30% (see e.g. Maraston, 1998, M06).
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6.1.3 Results
In this section we compare the stellar population properties derived under the three dif-
ferent assumptions for the SFH, namely: direct- and inverted-τ models and constant star
formation, both leaving age as a free parameter, and also assuming age (i.e., formation
redshift) as a prior, as described above.
Age as a free parameter
A first set of best fits was performed allowing the procedure to select the preferred galaxy
age. The results are reported in Figs. 6.1 to 6.6, showing the histograms for the resulting
ages, τ ’s, stellar masses, reddening, SFRs and χ2ν , respectively.
Surprisingly, all histograms look quite similar, irrespective of the adopted SFH. In par-
ticular, the distributions of the χ2ν values are almost identical, indicating that no adopted
functional shape of the SFH gives substantially better fits than another. However, it would
be premature to conclude that the resulting physical quantities (ages, masses, etc.) have
been reliably determined. Most of the derived ages are indeed very short in all three
cases, with the majority of them being less than ∼ 2 × 108 yr, with several galaxies ap-
pearing as young as just ∼ 107 yr (see Fig. 6.1). We believe that these ages - intended
Figure 6.1: The time elapsed since the beginning of star formation, for models with
constant star formation (upper panel), and with star formation proceeding as an inverted
and direct-τ model (middle and lower panels, respectively). The age is left free in all
three models.
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Figure 6.2: Same as Fig. 6.1 for τ (in Gyr).
Figure 6.3: Same as Fig. 6.1 for stellar masses.
to indicate the epoch at which the star formation started - cannot be trusted as such, for
the following reasons. First, as we shall show later and as also known in the literature,
the latest episode of star formation outshines older stars even when composite models are
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considered. In addition, cosmological arguments render this interpretation suspicious, as
we are going to discuss. Fig. 6.7 shows the redshift of each individual galaxy as a func-
tion of its formation redshift, the latter being derived by combing the redshift and age of
each galaxy. Note that with the derived ages most galaxies would have started to form
stars just shortly before we happen to observe them. If this were true, the implied cosmic
SFR should rapidly vanish by z ∼ 3, while this is far from happening: the cosmic SFR at
z ∼ 3 is nearly as high as it is at z ∼ 2 (e.g. Hopkins & Beacom, 2006), and the specific
SFR at a given mass stays at the same high level all the way to z ∼ 7 (Gonza´lez et al.,
2010).
We consider far more likely that most of the descendants of galaxies responsible for the
bulk of cosmic star formation at z∼> 3 are to be found among the still most actively star-
forming galaxies at z ∼ 2, rather than a scenario in which the former galaxies would have
faded to unobservability by z ∼ 2, and those we see at z ∼ 2 would have no counterpart
at z∼> 3. In other words, massive star-forming galaxies at z ∼ 2 must have started to
form stars at redshifts well beyond ∼ 3. Note that some star-forming galaxies at z∼> 3
may have turned passive by z ∼ 2, but the number and mass density of passive galaxies
at z ∼ 2 is much lower than that of z∼> 3 star-forming galaxies of similar mass (e.g. Kong
et al., 2006; Fontana et al., 2009; Williams et al., 2009; Wuyts et al., 2009).
Figure 6.4: Same as Fig. 6.1 for the reddening E(B − V ).
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Figure 6.5: Same as Fig. 6.1 for the star formation rates.
Figure 6.6: Same as Fig. 6.1 for the χ2ν .
Thus, the question is why does the best fit procedure choose such short ages? Clearly,
the result is not completely unrealistic, as the bulk of the light must indeed come from
very young stars. This is illustrated by the example shown in Fig. 6.8, for a typical case
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Figure 6.7: The spectroscopic redshift of individual galaxies vs. their formation redshift
as deduced from their age as derived from inverted-τ models with age as a free parameter.
Similar plots could be shown using ages derived from direct-τ models or models with
SFR=const.
in which very short ages are returned. The main age-sensitive feature in the spectrum is
the Balmer break, which for this galaxy as for most others in the sample, is rather weak
or absent. With the whole optical-to-near-IR SED being dominated by the stars having
formed in the recent past, the spectrum does not convey much age information at all. Fig.
6.8, lower/left panel, shows that if one forces age to be as large as 1.5 Gyr (and fix the
formation redshift accordingly) then the Balmer break deepens and the χ2ν worsens. Fig.
6.9 shows the SED and relative best fit spectra for one of the few galaxies for which the
procedure indicates a large age (∼ 1 Gyr). Clearly, this larger age follows from the much
stronger Balmer break present in this galaxy.
Note that for both direct- and inverted-τ models, in most cases τ >> (t − t0), i.e., the
e-folding time of SFR is (much) longer than the age, i.e., the SFR does not change much
within the time interval t − t0. This explains why both kind of models give results so
similar to those in which SFR is assumed to be constant.
We shall show in the next subsections that other fits may actually result in more plausible
physical solutions, even if they have a worse χ2ν .
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Figure 6.8: The observed spectral energy distributions (filled symbols with error bars) of
high-z star-forming galaxies. Object ID and spectroscopic redshift are labelled in the top
left-hand panel. In each panel the solid line corresponds to the best fit solution according
to the different templates for the star formation history, namely constant star formation, τ
with age free, inverted-τ with age fixed and inverted-τ with age free (from top to bottom
and left to right). Several parameters of the fits are labelled, namely the age (in Gyr), the
τ (in Gyr), the reddening E(B− V ), the stellar mass (in log M⊙), the star formation rate
(SFR) in M⊙/yr, the χ2ν , the ’formation redshift’ zform obtained by subtracting the formal
age of the object to the look-back time at given spectroscopic redshift.
The extremely young ages and the insensitivity of the fit to different star formation histo-
ries when the age is left free should not be so surprising. They are the consequence of the
fact that the very young, massive stars just formed during the last . few 108 yr dominate
the light at virtually all wavelengths in these actively star-forming galaxies, even if they
represent a relatively small fraction of the stellar mass. The capability of a very young
population to outshine previous stellar generations is illustrated in Fig. 6.10. Synthetic
spectra are shown for a composite stellar population that has formed stars at constant rate
for 1 Gyr, and then separately for the contributions of the stars formed during the first
half and the second half of this time interval. The contribution of the young component
clearly outshines the old component at all wavelengths, making it difficult to assess the
presence and contribution of the latter one, even if it represents half of the total stellar
mass. This plot demonstrates why it is not appropriate to interpret the “age” resulting
from the previous fits as the time elapsed since the beginning of star formation, as it is
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Figure 6.9: The same as in Fig. 6.8, for one of the few galaxies with best fit age ∼ 1 Gyr.
Note the sizeable Balmer break.
Figure 6.10: The effect of outshining by the youngest fraction of a composite population:
the synthetic spectrum is shown of a composite population having formed stars at con-
stant rate for 1 Gyr. The contribution of the stars formed during the first and the second
half of this period are shown separately as indicated by the colour code, together with the
spectrum of the full population.
formally meant to be in the fitting procedure and as might be suggested by a naive inter-
pretation of the fitting results. It would instead be better interpreted as the age of the stars
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producing the bulk of the light. In the next subsection we experiment with a different
approach that may circumvent this intrinsic problem and get more robust properties of
(high-redshift) star-forming galaxies.
Best fit solutions with fixed formation redshift
Clearly, massive star-forming galaxies at z ∼ 2 cannot have started to form stars just
shortly before we observe them. Instead, they must have started long before, as indeed
demonstrated by the fact that star-forming galaxies are found to much higher redshifts.
In this section we arbitrarily assume that all our galaxies have started to form stars at the
same cosmic epoch, corresponding to z = 5, i.e. when the Universe was ∼ 1 Gyr old.
This implies an age for the galaxy at redshift z which is given by
∆t = t(z)− t(zf). (6.2)
At first sight such an assumption may seem a very strong one. Actually this is not the
case. We have already argued that our galaxies must have started to form stars at a red-
shift much higher than that at which they are observed, i.e., zf >> 2. Therefore, the prior
Figure 6.11: A comparison of the stellar masses derived assuming exponentially decreas-
ing star formation rates (direct-τ models) with those obtained assuming exponentially
increasing star formation rates (inverted-τ models). The beginning of star formation is
set at the cosmic epoch corresponding to z = 5 for all models.
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age changes only marginally (≤ 20%) if instead of zf = 5 we had chosen zf = 6, 7, or
more, and so does the result of the fit, i.e., such a result is fairly insensitive to the precise
value of zf , provided it is well in excess of ∼ 2. Obviously, the effect is especially strong
for exponentially increasing SFRs. Incidentally, we note that exponentially decreasing
SFRs have been assumed also for galaxies at very high redshifts (e.g. z = 4 − 6, Stark
et al., 2009).
For both the exponentially declining and increasing τ models, we identify the best-fitting
SFHs, first allowing only values of τ ≥ 0.3 Gyr. The results are shown in Figs. 6.11-
6.14, in which the parameters of the best-fitting models for these two SFHs are compared.
Fig. 6.11 compares the stellar masses obtained with the two SFHs, showing that those
obtained with direct-τ models are systematically larger by∼ 0.2 dex with respect to stel-
lar masses derived using the inverted-τ models. Fig. 6.12 shows the comparison of the
SFRs, with the SFR from inverted-τ models being systematically higher by ∼ 0.5 dex,
and therefore the specific SFR turns out to be systematically higher by ∼ 0.7 dex. Fig.
6.13 shows how different the τ values derived using the two SFHs are. Direct-τ models
prefer very large τ ’s, up to ∼ 10 Gyr, which is to say that they prefer nearly constant
SFRs. On the contrary, inverted-τ models prefer short τ ’s, typically shorter than ∼ 0.5
Gyr, hence a SFR that is rapidly increasing with time.
Figure 6.12: The same as in Fig. 6.11, but for a comparison of the derived star formation
rates.
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Figure 6.13: The same as in Fig. 6.11, but for a comparison of the derived τ values.
Figure 6.14: The same as in Fig. 6.11, but for a comparison of the derived values of the
reddening E(B − V ) .
Fig. 6.13 gives the key to understand the physical origin of the mass and SFR offsets be-
tween the two families of models. Being forced to put more mass at early times, direct-τ
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Figure 6.15: The same as in Fig. 6.11, but for a comparison of the χ2ν values of the best
fit solutions.
models pick very large τ ’s trying to find the best compromise for mass and SFR, and,
compared to inverted-τ models, they overproduce mass at early times and not enough
star formation at late times. On the other hand, these latter models by construction put
very little mass at early times, and most of it is formed at late times. In order to compro-
mise mass and SFR, they may overestimate the current SFR, and may be forced to hide
part of it demanding more extinction.
Indeed, Fig. 6.14 compares the reddening obtained with the two opposite SFH assump-
tions, showing that to obtain a good fit in the rest-frame UV the higher on-going SFR de-
rived from inverted-τ models needs to be more dust-obscured than in the case of direct-τ
models. Finally, Fig. 6.15 compares the reduced χ2’s obtained with the two sets of mod-
els. Those relative to inverted-τ models are not very good, but those with direct-τ models
are definitely much worse. Still, a robust choice for the SFH cannot rely only on this rel-
atively marginal advantage of inverted-τ models. In the next subsections we try to gather
independent evidence that may help favouring one or the other option.
Comparing SFRs and extinctions from SED-fitting and from rest-frame UV only
The rest-frame UV part of the explored spectrum (from observedB band up to Spitzer/IRAC
channel 3, i.e. 5.8µm) is the one which most directly depends on the rate of on-going star
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formation. On the other hand, when the SFR is estimated with an SED-fitting procedure
as in the previous sections, the derived SFR results from the best possible compromise
with all the free parameters, given the adopted templates. In other words, the resulting
SFR is compromised relative to the other free parameters of the fit and the adopted SFHs.
SFRs from the UV flux, corrected for extinction using the UV slope (plus a reddening
law, such as the Calzetti law) are widely derived in the literature for high redshift galax-
ies, and shown to be in very good agreement with independent estimates from the radio
flux at 1.4 GHz (e.g. Reddy & Steidel 2004,Daddi et al. 2007,Daddi et al. 2007; Pannella
et al. 2009), and also from the mid-IR (24µm) and soft X-ray fluxes, for those galaxies
with no mid-IR excess (Daddi et al., 2007). Thus, the SFR derived only from the UV flux
represents an uncompromised template (in the sense that it has no covariance with other
parameters of the fit), and therefore with respect to which we may gauge the physical
plausibility of a whole optical-near-IR SED-fit.
Figure 6.16: The reddening and SFRs derived under different assumptions on the SFH
are compared to those derived using only the rest-frame UV part of the spectrum (red
points), i.e., the wavelength range that most directly depends on the on-going rate of star
formation. The upper panel shows a comparison of such UV-derived SFRs with those
derived from SED-fitting assuming SFR=const and leaving age as a free parameter. In
the middle panel the comparison is made with inverted-τ models, with both fixed and free
age (black and grey points, respectively). Finally, the lower panel shows the comparison
with the direct-τ -models.
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Fig. 6.16 compares the E(B − V ) vs. SFR relations that are obtained from SED-fittings
with various SFHs to those obtained using only the UV part of the spectrum. The latter
ones were derived by Daddi et al. (2004, 2007) using BC03 models for converting LUV
into SFR, following Madau, Pozzetti & Dickinson (1998). E(B−V ) is derived by map-
ping the (B − z) colour into E(B − V ) using the Calzetti law. Note that there are no
appreciable differences in the UV between the models of BC03 and those of M05 that
are used in this section. As clearly shown, the best agreement is between UV-derived
SFRs and those obtained from SED-fitting with inverted-τ models and fixed formation
redshift. Notice that when leaving age as a free parameter several galaxies are found
with exceedingly large SFRs and E(B − V ) values (see also previous section), much at
variance with the more robust values derived from the UV flux. Direct-τ models with
Figure 6.17: The comparison of SFRs derived from SED-fitting with those derived from
the rest-frame UV only (plus extinction correction). Inverted-τ models with zform = 5
(or inverted-τ ’s with fixed τ = 0.5 Gyr and ages constrained to be larger than τ ) provide
the best result (panels with green lines).
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Figure 6.18: The same as Fig. 6.17 for the reddening E(B − V ). Conclusions are
identical.
fixed formation redshift are in better agreement with the UV-derived SFRs, yet they sys-
tematically underestimate the SFR as already noticed above.
This is further illustrated in Fig. 6.17 and Fig. 6.18 which show the SFR and the red-
dening E(B − V ) from the SED-fits directly compared to those from the UV. Among
all explored SFHs, the inverted-τ models clearly are in best agreement with the values
derived from the UV flux and slope. We interpret this as an indication that the SFHs of
inverted-τ models models are closer to those of real galaxies, compared to the SFHs of
direct-τ models.
Best fit solutions with fixed τ and age > τ
It is easy to realise that in galaxies that follow a SFR such as that given by Eq. 6.1 the
SFR tends to increase exponentially with time (Pannella et al., 2009; Renzini, 2009).
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More precisely, if one ignores the t term in this equation the exponential increase pro-
ceeds with a τ ≃ 0.7 Gyr. Thus, in this section we present the results of performing a
new set of best fits, this time assuming a fixed τ (namely τ = 0.5 and 1 Gyr, that bracket
the empirical value), leaving age as a free parameter but constraining it to be larger than
τ . We also consider the case of direct-τ models with the same parameters and restric-
tions. This choice to set limits on age may appear rather artificial, and indeed it is purely
meant to avoid the extremely small ages that are found when age is left completely free.
In practice, this exercise consists in considering only the cases with age > τ among those
already explored in previous sections.
The comparison of the SFRs derived from direct- and inverted-τ models (Fig. 6.19) is
qualitatively similar to the case of fixed formation redshift (compare Fig. 6.12), and the
same comments apply also here. The SFR and E(B − V ) values that are obtained with
these further models are then compared to those obtained from the UV in Figs. 6.17 and
6.18. It is apparent that inverted-τ models with τ = 0.5 Gyr and ages larger than τ give
results nearly as good as those derived for the case of fixed formation redshift. Also the
case of SFR = constant and age > 0.1 Gyr SFRs results in reasonable agreement with
those derived from the UV. All other explored SFHs give results at variance from those
obtained from the UV, that we regard as the most robust method to estimate the SFR and
reddening.
Figure 6.19: Comparison of the star formation rates derived assuming exponentially de-
creasing star formation rates (direct-τ models) with those obtained assuming exponen-
tially increasing star formation rates (inverted-τ models). In both models, τ has been
fixed to two values of 0.5 and 1 Gyr, and the age is constrained to be larger than τ .
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Figure 6.20: The same as in Fig. 6.19, but for a comparison of the derived stellar masses.
Figure 6.21: Distributions of the ages obtained with models with fixed τ and ages con-
strained to be larger than τ , for τ = 0.5 Gyr (black histogram) and τ = 1 Gyr (shaded
histogram).
Fig. 6.20 shows the derived stellar masses. In this parameterisation there is less difference
between the masses that are derived with the age > τ constraint with respect to the case
of fixing the formation redshift. This is due to the fact that direct-τ models indicate lower
masses compared to those in the case of fixed formation redshift, because of their lower
age, hence shorter duration of the star formation activity. Note, however, that in most
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cases the smallest χ2ν are obtained for the smallest possible age, i.e. age≃ τ , or ∼ 0.5
Gyr, as shown in Fig. 6.21, again a consequence of the outshining effect.
Blind diagnostics of the star formation history of mock galaxies
The ability of an adopted shape of the SFH to recover the basic properties of a composite
stellar population can be tested on mock galaxies with known SFHs. In a parallel project
(Pforr et al., submitted, Chapter 4) we use synthetic galaxies from semi-analytic models
(GalICS, Hatton et al., 2003) in which the input SSPs are the M05 models in the rendition
of Tonini et al. (2009, 2010). Their observed-frame magnitudes at the various redshifts
are then calculated, fed into HyperZ just as if they were relative to real observed galaxies,
and best fits are sought using various template composite stellar populations.3 Here we
focus on an experiment involving the templates used in this section, namely inverted-
and direct-τ models and constant SF models, applied to mock star-forming galaxies at
redshift 2. The model spectra are reddened according to the on-going SFR, using the
empirical evidence that the E(B−V ) is proportional to the SFR (e.g. Daddi et al., 2007)
of each individual galaxy, with E(B − V ) as defined in Eq. 6.4. Extinction as a function
of wavelength is then applied following the law of Calzetti. Note that we do not take
such mock galaxies as representative of real galaxies. The goal of the experiment is to
show what happens if the SED of a galaxy with a certain SFH is used to derive its SFR
and stellar mass using a different SFH.
Fig. 6.22 and 6.23 show the results. The upper left panel of Fig. 6.22 shows the input
values, i.e. the distribution of SFRs and masses of the semi-analytic models at redshift 2
(black points). The other panels show the output values, i.e. the SFRs and masses that are
obtained by fitting the SED of the mock galaxies with the various templates, as indicated,
over-plotted to the input values.
The inverted-τ models with fixed formation redshift can recover the input quantities strik-
ingly well (middle panels). Towards the low-mass end (M ∼< 109M⊙) the SFR is some-
what underestimated, suggesting that the assumed start of star formation is too early.
Note also, as shown by the two middle panels in Fig. 6.22, that the result is almost inde-
pendent of the assumed formation redshift, as already argued earlier.
None of the other SFH templates do as well. With the free age mode a substantial number
of outliers with very high SFRs are obtained. The green line in Fig. 6.22 and Fig. 6.23 is
3A similar project is described in Wuyts et al. (2009), and a detailed comparison with their results is
given in Chapter 4. The systematic offsets introduced by the use of direct-τ models to derive masses and
SFRs of mock galaxies at z > 3 are also investigated by Lee et al. (2009).
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a fit to the outliers found among the real GOODS galaxies from the direct-τ models (the
red objects in Fig. 6.17 and Fig. 6.18), and it is quite instructive to note that when the fit
produces wrong values, those follow the same relation of fake values in mock galaxies.
Finally, Fig. 6.23, analogous to Fig. 6.22, shows the result of the same experiment with
mock galaxies, but now using the template SFHs discussed in the previous subsection,
i.e., with fixed τ and age > τ . The inverted-τ models with age≥ τ , and τ = 0.5 Gyr give
fairly good fits to the actual values in the mock galaxies, but not as good as those with
a prior on the formation redshift (see Fig. 6.22, middle panels). Finally, note that some
Figure 6.22: Comparison between the input values of SFR and stellar mass of mock
galaxies from semi-analytic models (labelled as GalICS, black points) and the same
quantities derived from SED-fitting using the various templates (labelled in each panel,
red points). The green line highlights the position of the fake outliers.
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Figure 6.23: The same as Fig. 6.22, for the cases in which τ has been fixed to the
indicated values, with the additional restriction imposing the age to exceed τ .
outliers among the mock galaxies, a few with low SFR for their masses (hence almost
passive), are poorly reproduced by the explored SFHs, as all assume that star formation
is still on-going.
The reason why inverted-τ models fit better is very simple. Most mock galaxies con-
structed from semi-analytic models exhibit secularly increasing SFRs, as do the cold-
stream hydrodynamical models of Dekel et al. (2009) as one expects from the empirical
SFR-mass relation (e.g. Renzini, 2009). Therefore, we believe that quite enough ar-
guments militate in favour of preferring exponentially increasing SFRs, as opposed to
decreasing or constant.
Allowing very small values of τ
As one can notice from Fig. 6.13, using inverted-τ models the vast majority of the best
fits tend to cluster close to the minimum allowed value of τ , i.e. 0.3 Gyr, a limit that
was imposed based on the value of τ implied by the empirical SFR−M∗ relation, as dis-
cussed earlier. But what happens if this limit is removed, and the best fit procedure is
allowed to chose any value of τ down to 0.05 Gyr? The results are shown in Fig. 6.24:
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Figure 6.24: Left panel: The SFR from the full optical-to-near-IR SED-fit derived from
inverted-τ models in which τ is allowed to take very small values, compared to the SFR
derived only from the UV part of the SED. Right panel: The histogram of the corre-
sponding values of τ .
several galaxies are now “best fitted” with very small τ ’s, implying SFHs in which most
stars formed just shortly before the time at which the galaxy is observed. This is to say
that leaving the procedure free to choose very small values of τ results in best fits that
closely resemble those obtained with age as a free parameter, that were discussed (and
rejected) at the beginning of this section. Fig. 6.24 shows that also in this case SFRs well
in excess of those derived from the UV are derived for several galaxies. Therefore, also
inverted-τ models with unconstrained τ ’s suffer from the outshining phenomenon that
plagues models with age as a fully unconstrained free parameter.
The lesson we learn from these experiments is that only by setting a prior on age one
derives astrophysically more acceptable solutions. Depending on the adopted shape of
the SFH, this prior can be a minimum age (for constant SFR models), or setting age> τ
(for direct-τ models), or finally setting a minimum acceptable value for τ (for inverted-τ
models). This kind of fix looks quite artificial, and admittedly the resulting procedure is
far from being elegant. It is a simple way of avoiding the outshining effect, and obtain
SFRs that are in agreement with those derived from other direct methods, such as from
UV, radio, or mid-IR (e.g. Daddi et al. 2007; Daddi et al. 2007, b; Pannella et al. 2009).
How robust are stellar mass estimates?
While SFR and reddening can be best evaluated by just using the UV part of a galaxy’s
spectrum, the determination of the stellar mass, such a crucial quantity for understanding
CHAPTER 6. RECOVERING PROPERTIES OF REAL GALAXIES 199
Figure 6.25: A comparison of the stellar masses derived for the GOODS galaxies from
inverted-τ models, with z
f
= 5 and τ ≥ 0.3 Gyr, with those derived from other adopted
SFHs. Left panel: vs. inverted-τ models with age > τ = 0.5 Gyr; Middle panel:
vs. models with SFR=const. and age> 0.1 Gyr; Right panel: vs. direct-τ models and
unconstrained age.
galaxy evolution, requires the full SED-fitting. Hence, it requires exploring a variety of
assumed SFHs. We showed that there are some adopted SFHs that, constrained to avoid
the outshining problem, give SFRs and E(B − V ) values in excellent agreement with
those derived from the UV. Now, how different are the derived stellar masses when using
these viable options for the SFH? And, ultimately, how much can we trust such derived
masses?
Fig. 6.25 - first and second panel - compares the stellar masses that are derived for the real
galaxies studied in this section using these viable SFHs, namely inverted-τ with high for-
mation redshift, inverted-τ with age constrained, and constant SF with age constrained.
The corresponding masses agree quite well with each other, systematic differences are
quite small (∼< 0.1 − 0.2 dex), and also the scatter is quite modest, of the order of 0.1
dex. Can this consistency suffice to conclude that the adopted procedures give a robust
estimate of stellar masses? In this respect, the fairly accurate recovery of the masses of
mock galaxies should increase our confidence.
Yet, the problem of outshining remains. What we consider viable options are SFHs
described by extremely simple functions, i.e. either constant or exponential. Nature cer-
tainly realises far more complex SFHs. For example, an early burst of star formation,
followed by a continuous SFR, could be easily missed by the best fit procedure, by re-
maining outshined by the successive and on-going star formation. Thus, we suspect that
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derived masses may underestimate the actual stellar mass, at least for those galaxies with
early massive starbursts.
We note that Fig. 6.25, third panel compares also the masses derived from direct-τ mod-
els with unconstrained age to those derived from the viable SFHs. Clearly, such direct-τ
models can substantially underestimate the stellar mass while they overestimate the SFR
(compare Fig. 6.17).
To conclude this section, Fig. 6.26 shows the absolute values of the stellar mass of star-
forming galaxies at redshift z ∼ 2 that are obtained using our preferred star formation
history.
Figure 6.26: Stellar masses for the z ∼ 2 GOODS star-forming galaxies as derived from
inverted-τ models, with z
f ∼> 5 and τ ≥ 0.3 Gyr.
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6.1.4 Discussion and Conclusions
We tried different priors for the SFH of z ∼ 2 galaxies and used a χ2 best fit approach
to derive the basic properties of such galaxies: SFR, stellar mass, reddening, age, etc.
We do not expect that any of the simple mathematical forms adopted for the SFH (con-
stant SFR, exponentially decreasing, exponentially increasing) is strictly followed by real
galaxies. We expect, however, that the two opposite choices for the exponential case are
sufficiently extreme to encompass the real behaviour of galaxies, or at least those hav-
ing experienced a quasi-steady SFR over most of their lifetime. We try various tests to
distinguish which of the various options is the most acceptable one (or the least unac-
ceptable) for giving the astrophysically most plausible values for the basic properties of
star-forming galaxies in the redshift range between ∼ 1.4 and ∼ 2.5.
We find that by leaving age as a free parameter the best fit procedure delivers implausibly
short ages, no matter which SFH template is adopted. This is so because the SED is
dominated by the stars that have formed most recently, and they outshine the older stellar
populations that may inhabit these galaxies. Thus, introducing a prior on the beginning
of star formation appears to be necessary.
Assuming that star formation started at high redshift (i.e. z >>∼ 2, the precise value
being almost irrelevant) provides a more credible framework, with models with exponen-
tially increasing SFR (that we call inverted-τ models) giving systematically higher SFRs
for the z ∼ 2 galaxies in the test sample, and lower stellar masses, compared to mod-
els with exponentially decreasing SFR. These two systematic differences together imply
a specific SFR that is a factor of ∼ 5 higher in inverted-τ models, compared to direct-τ
models, when star formation is assumed to start at high redshift (e.g. z = 5) in both cases.
On the other hand, inverted-τ models offer various notable advantages:
• they indicate SFRs and extinctions in excellent agreement with those derived from
the rest-frame UV part of the SED, which most directly relates to the on-going star
formation and reddening,
• they fairly accurately recover the SFRs and masses of mock galaxies constructed
from semi-analytic models, in which SFRs are indeed secularly increasing in most
cases, and
• have systematically better χ2ν values compared to models with exponentially de-
creasing SFRs, though one cannot consider them fully satisfactory.
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These advantages are somewhat reduced if the best fit procedure is allowed to pick very
small values of τ , down to 0.05 Gyr, as in such case derived SFRs tend to be somewhat
overestimated compared to those derived from the UV.
We also explored star formation histories (such as constant SFR, or exponentially de-
creasing) in which age is a priori constrained to avoid very small values (e.g., age > 0.1
Gyr, or age > τ , or fixed τ ). Adopting such priors, though it may seem quite artificial,
gives more plausible solutions with respect to cases in which age is left fully free. This
is due to the mentioned outshining effect of very young stellar populations over the older
ones. Still, models with exponentially increasing SFRs tend to give systematically better
results, as judged from the consistency with the UV derived SFRs.
Besides the above arguments, there are other reasons to prefer stellar population models
constructed with exponentially increasing SFRs, including:
• The almost linear relation between SFR and stellar mass (SFR ∝∼ M∗), and the
small scatter about it, that are empirically established for redshift ∼ 2 galaxies
implies that they can indeed experience a quasi-exponential growth at these cosmic
epochs. Later, some process may quench their star formation entirely and turn them
into passively evolving ellipticals, or keep growing until the secular decrease of
the specific star formation rate (the t−2.5 term in Eq. 6.1) takes over, and galaxies
(such as spirals) continue forming stars at a slowly decreasing rate all the way to
the present epoch (Renzini & Daddi, 2009).
• The direct observation of the evolution of the luminosity function in rest-frame UV
(which is directly related to SFR) shows that the characteristic luminosity at 1600 A˚
(M∗1600) brightens by over one magnitude between z = 6 and z = 3 (Bouwens et al.,
2007). Since extinction is likely to increase with time following metal enrichment,
the increase of the rest-frame UV luminosity can only be due to an increased SFR
in individual galaxies.
The aim of this section is to explore which assumptions and procedures are likely to give
the most robust estimates of the basic stellar population parameters, when using data that
extend from the rest-frame UV to the near-IR. We argue that on-going SFRs are best
derived at wavelengths below about one micron by using the UV part of the SED of
galaxies, and inverted-τ models give SFRs in excellent agreement with them. However,
the fit to the full optical to near-infrared SED is required to derive the mass in stars. We
show that the SFHs, with a prior on age or τ to reduce the outshining effect, give results
that agree quite well with each other, giving some confidence on the reliability of the de-
rived masses. However, it is still possible that the mass may be somewhat underestimated
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for those galaxies in which a substantial fraction of the stellar mass was produced in a
strong burst, early in their evolution.
At first sight the higher SFRs and lower stellar masses indicated by inverted-τ models
(compared to direct-τ models, both with fixed formation redshift) may exacerbate an
apparent mismatch between the cosmic (volume averaged) SFR history (ρ˙∗(z)) and the
empirical stellar mass density (ρ∗(z)), such that the integration of SFR(z) tends to over-
produce the stellar mass density at most/all redshifts (e.g. Wilkins, Trentham & Hopkins,
2008). However, SFRs are more often derived from direct SFR indicators, such as the
rest-frame UV, radio flux, Hα flux, or mid/far-infrared, rather than from SED-fits. There-
fore the 0.5 dex effect on the SFRs relative to the direct-τ models should not affect this
discrepancy. There may remain the 0.2 dex effect on the masses, but inverted-τ models,
by construction minimising star formation at early times, may systematically underesti-
mate the stellar mass of galaxies, in particular if part of it was formed in early bursts.
Thus, with this caveat in mind, the use of inverted-τ models with fixed formation red-
shift should not appreciably exacerbate the mismatch problem mentioned above. Instead,
direct-τ models with unconstrained age most certainly worsen this problem as they un-
derestimate the stellar mass (see Fig. 6.25, right panel), and overestimate the SFR (see
Fig. 6.17).
We conclude that the use of synthetic stellar populations with an exponentially declining
SFR should be avoided in the case of star-forming galaxies at redshift beyond ∼ 1. Ex-
ponentially increasing SFRs, with e-folding times of ∼ 0.3 − 1 Gyr, and a high starting
redshift appear to provide astrophysically more plausible results, and while nature may
not closely follow such a simple functional behaviour, they should be preferred in de-
riving SFRs and stellar masses of high redshift galaxies. In any event, we believe that
maximum likelihood parameters are not necessarily unbiased estimators of star forma-
tion rates and masses of high-redshift galaxies, but the broadest possible astrophysical
context should be considered.
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6.2 Luminous galaxies in BOSS - 0 < z < 0.7
After studying a sample of high-redshift star-forming galaxies we now turn our focus to
one of the largest surveys of massive (and mostly passive) galaxies at low redshift - the
SDSS-III/BOSS survey (hereafter BOSS). In Section 2.3 we described the survey and the
galaxy target selection in detail. In this section we first introduce the template setups and
parameters employed in the SED-fitting (Section 6.2.1). Then we show the derived ages
and stellar masses of BOSS galaxies in Section 6.2.2. We demonstrate that BOSS galax-
ies are indeed very massive and that the target selection aimed at galaxies of constant and
high mass at various redshifts works very well (Section 6.2.3). We draw our conclusions
in Section 6.2.4.
The work carried out in this section was carried out in collaboration with C. Maraston,
D. Thomas, B. Henriques and D. Wake and will be published in Maraston et al. (2012, in
prep.). Since the publication was still in preparation and has not undergone the referee
process at the time of submission of this thesis the contents of Maraston et al. (2012, in
prep.) might be different from the contents of this section.
6.2.1 SED-fitting setup
We use two different template setups within HyperZspec for BOSS galaxies and thus ob-
tain two stellar mass estimates. Firstly, we adopt the template setup of M06 (wide setup,
full age grid, Section 4.2.1) which we extensively tested in Chapter 4 but drop the SSP
component according to our findings in the same chapter. We use this setup to accommo-
date for the fraction of massive blue (and star-forming) galaxies in BOSS (Fig. 2.9 and
Masters et al., 2011).
Secondly, we use the LRG best-fit template (solar metallicity SSP with 3% metal-poor
stars) from Maraston et al. (2009) which was described in detail in Section 3.4.4 because
of its ability to reproduce the median gri colours of SDSS LRGs over a wide redshift
range. We use age > 3 Gyr following the assumption of a high formation redshift for the
galaxies. Since BOSS targets mainly LRGs and the majority of galaxies is expected to
be passive, we use this template setup as a means not to underestimate the stellar mass
for these galaxies.
Besides a Salpeter IMF, we also assume a Kroupa IMF. We exclude reddening from the
fit of BOSS galaxies because they are selected to be mostly passive and following our
findings of Chapter 4 for passive galaxies at low redshifts. In the next section we show
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the results for stellar ages and stellar masses for the BOSS main galaxy sample (up till
22 July 2011) as a function of template setup and IMF.
6.2.2 The ages and stellar masses of BOSS galaxies
At first, we show the χ2ν-distributions for each template setup and IMF in Fig. 6.27. As
expected, a wide setup gives fits with better χ2ν for more objects due to the wider choice
of age, metallicity and SFH. The restriction of the LRG setup in age and SFH results in
slightly worse χ2ν for some objects. However, overall both template setups provide rea-
sonably good fits for the majority of objects. For the wide setup with Salpeter (Kroupa)
IMF 3.3 (3.3) % have χ2ν ≥ 10. For the LRG setup we find 11.4 (9.8)%. The difference
between Salpeter and Kroupa IMF is negligible, again pointing out what we concluded
in Chapters 4 and 5 that SED-fitting cannot identify the correct IMF.
As expected, BOSS galaxies are generally old (Fig. 6.28). Even with a wide setup most
galaxies are older than 1 Gyr indicating that these galaxies are not dominated by (re-
cent) star formation. Obviously, this is also an effect of excluding reddening in the fit
and therefore disabling the age-dust degeneracy. However, as we have seen in Fig. 4.2
in Chapter 4 the ages of aged galaxies with little on-going star formation are generally
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Figure 6.27: χ2ν distributions of the SED-fits for the BOSS main galaxy sample as a
function of template setup and IMF in the SED-fitting. Black shaded histograms refer to
solutions derived with the LRG template, red histograms to the use of a wide template
setup without SSPs.
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underestimated, especially when reddening is included in the fit. Ages derived with the
LRG template are somewhat older than those derived with the wide setup because of the
assumed minimum age of 3 Gyr.
The difference in age between Salpeter and Kroupa IMF is such that ages from a Salpeter-
based LRG template are somewhat older because age is the only parameter available to
compensate for the different IMF (Fig. 6.29). However, note that the range in age differ-
ence is very small. In the case of the wide setup ages differ a lot more because age, SFH
and metallicity compensate for the IMF, but the effect on the overall age distribution is
small.
Fig. 6.30 shows the stellar mass distributions of BOSS galaxies for the two template
setups and IMFs. The distributions are very narrow, only spanning about one and a
half orders of magnitude. For a Kroupa IMF the distribution peaks at 1011.25M⊙ inde-
pendently of template setup. Stellar masses derived with the wide setup without SSPs
clearly extend to lower masses, the distribution is overall broader compared to the distri-
bution of stellar masses derived with the LRG template. This is clearly an age effect. The
LRG template is restricted to old ages and because of the absence of star formation this
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Figure 6.28: Age distributions for the BOSS main galaxy sample as a function of tem-
plate setup and IMF. Black shaded histograms refer to solutions derived with the LRG
template, red histograms to the use of a wide template setup without SSPs.
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Figure 6.29: Differences in derived ages between Salpeter and Kroupa IMF when the
LRG template (left) and the wide setup without SSPs (right) is used. Contours for the
LRG template are at 10, 100, 500, 2000, 5000, 10000 and 20000. Contours for the wide
setup without SSPs are at 10, 100, 500, 2000, 5000 and 20000. Ages are binned into bins
of size 0.05 dex in each case. The green line is the line of equality.
means a restriction to old stellar populations overall. Stellar masses obtained with the
wider setup are generally prone to overshining, even if the percentage of recently formed
stars is small, because derived ages are dominated by the latest burst. However, the dis-
tribution of ages showed that BOSS galaxies are still relatively old. From the exercise
carried out in Section 4.5 we can estimate that either the latest burst occurred probably on
average more than 100 Myr ago and carried less than 10% of the total mass or occurred
more recently but with less than 1 % in mass, otherwise we would find ages significantly
younger than 1 Gyr. Obviously, when ages are driven by the latest burst, so is stellar mass
which is then underestimated. We showed in Section 4.5 that in this way up to 99% of a
galaxy’s total mass can be hidden.
Masses derived with Salpeter IMF templates are higher by ∼ 0.25 dex and therefore the
distribution peaks at 1011.5M⊙. Again, this is independent of template setup. Fig. 6.31
compares results obtained with Salpeter and Kroupa IMF. The offset is similar for the
two template setups, but the scatter is significantly smaller for the LRG template because
of the discussed restrictions in age and SFH. Alongside, a constant offset of 0.2 dex, we
also show the relation in mass between Salpeter and Kroupa IMF determined via a least
squares fit which is very similar in slope to the one derived in Section 4.9 for mock pas-
sive galaxies at z = 0.5. The ordinate is somewhat larger for masses derived with the
LRG template due to its specific design and no other available SFHs to compensate.
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Figure 6.30: Stellar mass distributions derived for BOSS galaxies as a function of tem-
plate setup. Black shaded histograms refer to the LRG template, red histograms to the
wide template setup without SSPs. Included are only objects whose best fit solution has
χ2ν < 10 (for the wide, no SSP setup these are for both IMFs 96.7% of the sample, for
the LRG template 90.2 % for Kroupa and 88.6 % for Salpeter IMF; fractions are derived
using these percentages as the total). Top: Kroupa IMF, bottom: Salpeter IMF.
We illustrated the mass distribution of the entire BOSS galaxy sample (selected by the
LOZ and CMASS cuts) in Fig. 6.30. In Fig. 6.32 we show the mass distribution of
only CMASS galaxies (76.4% of the total BOSS sample) when solutions of the two
template setups are combined such that for galaxies with g − i ≤ 2.35 the wide template
setup and for the remaining ones the LRG template is chosen (green dashed histogram).
In this way, we ensured according to Fig. 2.9 that the majority of elliptical galaxies of
the CMASS sample is treated with a template that does not contain star formation and
that for the majority of spiral galaxies star formation is allowed in the fit. The majority of
BOSS CMASS galaxies (79.8 %) has g − i > 2.35 and should therefore be of elliptical
and passive nature (black histogram in Fig. 6.32). Depending on the adopted IMF the
mass distribution of these peaks between 1011.25 and 1011.5M⊙. The remaining 20.2%
should be spirals (red histogram in Fig. 6.32). Their mass distribution peaks 0.25 dex
lower. This is in good agreement with the picture that elliptical galaxies are more massive
than spiral galaxies.
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Figure 6.31: Differences in derived stellar masses between Salpeter and Kroupa IMF
when the LRG template (left) and the wide setup without SSPs (right) is used. Contours
for the LRG template are at 10, 100, 500, 2000, 5000, 10000 and 20000. Contours for the
wide setup without SSPs are at 10, 100, 500, 1000, 5000 and 20000. Masses are binned
into bins of size 0.1 dex in each case. The green solid line is the line of equality. The
green dashed line represents a constant offset of 0.2 dex between Salpeter and Kroupa,
such that Salpeter gives higher masses. The black solid line refers to the best fit for all
objects as log M∗Salpeter = a+ b× log M∗Kroupa.
6.2.3 A successful colour selection
So far we have seen that galaxies targeted, observed and detected by BOSS are indeed
very massive. Let’s now take a closer look at the effectiveness of the colour selection
specific to BOSS. In the following, we focus on results for a Kroupa IMF as the offset to
Salpeter is almost constantly 0.25 dex.
As described in Section 2.3 BOSS galaxies are selected as targets via two selection algo-
rithms. The CMASS selection aims at selecting galaxies of constant mass in the redshift
range between z = 0.45 and 0.7. Fig. 6.33 shows that the chosen colour criteria suc-
cessfully selects galaxies around 1011.25M⊙ (1011.5M⊙ for Salpeter IMF) for redshifts
between 0.1 and 0.6. For higher redshifts the colour selection starts to break down. Here
only the highest masses are picked up. At low redshift the selected galaxies have lower
masses. This is a volume effect. At low redshift the BOSS area covers less volume than
at high redshift because of the expansion of the Universe.
In Section 2.3 we tested the colour selection for BOSS using a sample of AGES galaxies
for which we derived stellar masses. We repeat this with BOSS galaxies and show the
result in Fig. 6.34 when Kroupa IMF templates are used. The mass grading is clearly
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Figure 6.32: Stellar mass distributions of BOSS CMASS galaxies as a function of g− i
colour and template setup. The black shaded histogram refers to stellar masses derived
with the LRG template, the red histogram to the use of the wide template setup without
SSPs, dashed green to the combined setups. All template setups are based on a Kroupa
IMF. Included are only objects whose best fit solution has χ2ν < 10 (these are 97.3% of
the CMASS sample).
visible. Alongside the derived masses we overlaid the tracks for passively evolving SSPs
for various masses, IMFs and stellar population models starting at z = 0.7 such that an
age of ∼ 13 Gyr is reached at z = 0. The tracks are essentially shifted towards brighter
i-band magnitude when mass increases (from dark blue to orange, right to left, respec-
tively). At the same mass the track for a Kroupa IMF (yellow) is brighter by ∼ 0.3 mag
than for Salpeter IMF (green). The LRG model is brighter than a M05 SSP by 0.1 mag
at given mass and at z = 0.7 bluer by 0.06 mag due to the 3% of metal-poor stars.
We also show the location of BOSS galaxies in r− i vs g− r colour-colour space equiv-
alent to the one shown in Fig. 2.9. Clearly, the majority of galaxies has colours redder
than g − i = 2.35 and galaxies with redder g − r and r− i are on average more massive.
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Figure 6.33: Stellar mass distributions for BOSS galaxies in redshift bins. Black shaded
histograms refer to stellar masses derived with the LRG template, red histograms to the
use of the wide template setup without SSPs. Included are only objects whose best fit
solution has χ2ν < 10 (for the wide, no SSP setup these are 96.7% of the sample, for the
LRG template 90.2 %; fractions are derived using these percentages as the total). Note
the different scales in each panel.
6.2.4 Conclusions
From the previous sections we can conclude the following for the BOSS galaxies. Firstly,
with the chosen colour cuts, and the CMASS cut in particular, it is possible to select
galaxies of constant stellar mass at various redshifts. The sliding cut tuned with a pas-
sively evolving stellar population model is crucial for this. Secondly, BOSS galaxies are
massive and old at each redshift. This is true even when templates that allow star forma-
tion are used in the fitting4. This is in agreement with studies of e.g. Cimatti et al. (2006)
that massive and passive galaxies have already assembled a large portion of their total
mass at z ∼ 0.5.
4However, it is crucial that reddening is excluded in the fit.
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Figure 6.34: d⊥ = (r− i)− (g − r)/8 vs i-band c-model magnitude for BOSS galaxies.
Black symbols refer to all galaxies. Blue, green and red symbols refer to specific mass
ranges for 0.45 ≤ z ≤ 0.7 as given in the legend. Masses are derived with Kroupa IMF
templates and the mass distribution is determined combining the two template setups
according to the g − i colour. The yellow selection box indicates the CMASS cut.
Coloured solid lines refer to passively evolving SSPs for various masses and IMFs and
stellar population models starting at z = 0.7 such that an age of ∼ 13 Gyr is reached at
z = 0.
When applying the g − i colour cut as proposed in Masters et al. (2011) which is tuned
towards separating early from late-type galaxies based on the visual morphological clas-
sification of a subsample of BOSS galaxies, we find that ∼ 80% of galaxies in BOSS
should be early-types. 20% are found to be late-type and whose masses are on average
0.25 dex lower than those of the early-types.
This work will continue in comparing galaxy properties with predictions from semi-
analytic models.
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Figure 6.35: r − i vs g − r for BOSS galaxies. Black symbols refer to all galaxies.
Blue, green and red symbols refer to specific mass ranges for 0.45 ≤ z ≤ 0.7 as given in
the legend. Masses are derived with Kroupa IMF templates and the mass distribution is
determined combining the two template setups according to g−i colour. The g−i = 2.35
line is shown in dashed orange, with galaxies to the right being mostly elliptical and the
ones to the left being mostly spirals. The d⊥ = 0.55 line is shown in solid red. Everything
above that line is selected via the CMASS cut.
6.3 SDSS DR7 galaxies - 0.02 < z < 0.2
In order to connect the results derived for the BOSS galaxies to the already existing data
of the SDSS-I/II Legacy survey and to obtain a large set of galaxies for which properties
are derived in the same manner we carry out the SED-fit for the SDSS-I/II DR7 galaxies.
The data set is described in Chapter 2. In this section, we start with briefly describing
the fitting setup (Section 6.3.1). Then we show our results for ages and stellar masses in
Section 6.3.2. SDSS DR7 galaxies are less massive than BOSS galaxies. Stellar masses
for the DR7 galaxies exist from previous SED-fits with BC03 stellar population models
CHAPTER 6. RECOVERING PROPERTIES OF REAL GALAXIES 214
carried out by the MPA/JHU group5 (in the same spirit as in Kauffmann et al., 2003;
Salim et al., 2007). We describe their method and the differences to ours before compar-
ing results (Section 6.3.3). We find that the largest differences in the mass estimate stem
from the use of different stellar population models and SFHs. We draw conclusions in
Section 6.3.4.
The work carried out in this section was carried out in collaboration with C. Maraston
and D. Thomas.
6.3.1 SED-fitting setup
The fitting setup that we initially employ for the SDSS-I/II DR7 (hereafter DR7) galax-
ies is the same wide setup without SSPs as used in the previous section (6.2.1) for BOSS
galaxies and based on a Kroupa IMF. Effects of various IMFs have been shown numerous
times in previous sections and chapters. We do not use the LRG template for the DR7
galaxies because these galaxies are neither selected as LRGs nor assumed to be predom-
inantly passive. In order to better compare to the MPA/JHU masses and single out the
difference in the method, we will also use the wide setup with a Chabrier IMF and BC03
stellar population models6. The only age constraint applied in the fitting of DR7 galaxies
is that ages are required to be younger than the age of the Universe at the given redshift.
The fitting is carried out without reddening in agreement with our findings in Chapter
4. For the comparison with the MPA/JHU masses we also carry out the fitting using a
Calzetti law.
6.3.2 Ages and stellar masses of DR7 galaxies
In this section we show the basic results for ages and stellar masses of the DR7 galaxies.
The comparison to results of the MPA/JHU group is carried out in the next section. In
the following we restrict the sample in redshift to 0.02 < z < 0.2 (80.4% of the sample)
and to objects for which we obtain solutions with χ2ν < 10 (∼80% of the sample).
Firstly, we show derived ages using a Kroupa and Chabrier IMF in Fig. 6.36. Both
distributions peak around 1.5 Gyr and differences between them are small. The age dis-
tribution is much wider than for the BOSS galaxies and extends to lower ages but the
majority of objects is old as expected at low redshifts. Also note the striking similarity
of the age distribution of the DR7 galaxies and the age distribution of mock star-forming
5http://www.mpa-garching.mpg.de/SDSS/DR7/
6We have experimented with a large number of template setups and IMFs in the process and only show
the most important results here.
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Figure 6.36: Derived ages for SDSS-I/II DR7 galaxies. The green histogram refers to a
wide setup without SSPs and a Kroupa IMF, the red to a wide setup without SSPs and
a Chabrier IMF. We restrict the sample to solutions with χ2ν < 10 and 0.02 < z < 0.2
(∼80% of the sample; fractions are calculated using this percentage as the total).
galaxies for a similar wavelength coverage (UBVRI) and no reddening shown in Fig. 4.4.
Stellar mass distributions extend to masses as low as 108 M⊙ (Fig. 6.37) because of
young ages. The peak of the distribution lies at around log M∗ = 10.25 log M⊙ for
Kroupa and Chabrier IMF template setups (and at log M∗ = 10.75 log M⊙ for the
MPA/JHU masses). This is more than one order of magnitude lower than for the BOSS
galaxies again pointing out the different nature and selection criteria of the two surveys.
In the next section we compare our results to those of the MPA/JHU group.
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Figure 6.37: Stellar masses of SDSS-I/II DR7 galaxies. The green histogram refers to
a wide setup without SSPs and a Kroupa IMF, the red to a wide setup without SSPs
and a Chabrier IMF, the black shaded histogram shows the stellar masses as derived by
the MPA/JHU group as the median of the probability distribution function. MPA/JHU
masses are derived adopting BC03 models with a Chabrier IMF. We restrict the sample
to solutions with χ2ν < 10 and 0.02 < z < 0.2 (∼80% of the sample; fractions are
calculated using this percentage as the total). The MPA/JHU sample is only restricted by
redshift, resulting in 80.4% of the sample.
6.3.3 Comparison to MPA/JHU masses and method
Before we carry out the comparison let’s first have a look at the method that has been used
by the MPA/JHU group for the calculation of stellar masses. MPA/JHU stellar masses
are also derived via the SED-fitting of model spectra to broad-band photometric data.
The main difference to our method is the model library that is used which is described in
detail in Salim et al. (2007). Their model library comprises 100,000 model SEDs based
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on a Chabrier IMF and BC03 stellar population models. Ages of model galaxies range
from 0.1 Gyr to the age of the Universe at any given redshift. Star formation histories are
exponentially declining with values of τ randomly drawn between 0 and 1 Gyr. Addi-
tionally, random starbursts (lasting 30− 300 Myr) are superimposed such that with 50%
probability a galaxy has at least one starburst within 2 Gyr. Starbursts carry between 0.03
and 4 times the mass of the galaxy at the time of the burst. On top of these, reddening
is added using a Charlot & Fall (2000) reddening law with V-band optical depth ranging
from 0 to 6 as motivated empirically from measurements on SDSS spectra (Salim et al.,
2007). Metallicities cover the range between 0.1 and 2 times the solar value uniformly
and are randomly drawn. This method for creating the model library is also adopted by
Walcher et al. (2008) and Gallazzi et al. (2005). Pozzetti et al. (2007) compare the results
derived with this method to results obtained using simpler star formation histories in the
fitting.
χ2 is calculated for each model and transferred into a probability (dependent on the model
parameters) under the assumption of Gaussian errors. Marginalising over all model pa-
rameters but the stellar mass yields the probability distribution function (PDF) for the
stellar mass from which the median value is used as the mass derived from the fit.
This method is described in detail by Kauffmann et al. (2003) and Brinchmann et al.
(2004). In the following we use the median value for the stellar mass when referring to
the MPA/JHU masses.
In summary, the main differences between the method used for the derivation of stellar
masses by the MPA/JHU group and our work in this section are:
• stellar population model - BC03 for MPA/JHU and M05 in this work
• additional random starbursts added in MPA/JHU, no secondary bursts in our SFHs
• method for obtaining the mass estimate - median of the PDF for MPA/JHU, mini-
mum χ2ν in this work
We showed the mass distribution of the MPA/JHU masses alongside the mass distribu-
tions derived in this work in Fig. 6.37. Although being similar in shape, the MPA/JHU
mass distribution peaks at a higher mass (1010.75 M⊙). Here, we investigate which of
the three main differences in the method (as summarised above) is the main driver for
this difference. In all comparisons we stick to a Chabrier IMF. In order to compare the
cleanest sample we restrict the analysis to galaxies for which a fit withχ2ν < 2 is achieved.
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Firstly, we compute the difference between our and the MPA/JHU mass estimate. The
result is shown in Fig. 6.38 for two reddening options in the fit - no reddening and Calzetti
reddening. When no reddening is used we find that our masses are lower by up to 0.8
dex. Since the MPA/JHU method includes reddening our first test involves allowing dust
reddening in the fit. For this we use only the Calzetti reddening law and a sub-set of
only ∼ 24, 000 (∼ 19, 400 between 0.02 < z < 0.2) galaxies because the inclusion
of reddening is very computationally intensive. However, as already seen in previous
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Figure 6.38: Differences in stellar mass between the masses derived in this work and
MPA/JHU masses for DR7 galaxies. Our results are based on Chabrier IMF and M05-
based templates. The dashed line marks ’no offset’. The black histogram refers to the
unreddened case, the red one to the use of a Calzetti reddening law in the fit. We restrict
the sample to solutions with χ2ν < 2 and 0.02 < z < 0.2 (77% of the sample in the unred-
dened case, 79.5% in the reddened case; fractions are calculated using these percentages
as the total). Restricting only by redshift results in 81.1% of the sample (19406 out of
23928).
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chapters, the addition of reddening at low redshift results in drastically underestimated
masses due to the age-dust degeneracy. Here, we find that including reddening increases
our masses slightly. At first glance this seems at odds with our previous results. However,
there are important differences between the fitting parameters used here and those used
as default in Chapter 4. These are:
• wavelength coverage
• only Calzetti law instead of best fit among all reddening laws
• exclusion of SSPs from the template setup
We verified their effect by using the same fitting setup as adopted for the SDSS DR7
galaxies (ugriz wavelength coverage, wide template setup without SSPs and only Calzetti
reddening) for the mock star-forming galaxies at z = 0.5. Compared to the full wave-
length coverage, a wide setup and all reddening laws the restricted setup used in this
section gives larger stellar masses which are similar to the ones derived without redden-
ing (median recovered masses between Calzetti reddening and no reddening are similar).
Largely underestimated masses caused by underestimated ages due to the age-dust de-
generacy are avoided by excluding SSPs as concluded in Chapter 4. Additionally, the
sole use of a Calzetti reddening law instead of all reddening laws increases the estimated
masses slightly (compare also the green thin line with the long dashed black line in Fig.
4.28). The true stellar masses are still underestimated by ∼ 0.25 dex on average. Lastly,
adopted IMFs are also different. This illustrates again that care has to be taken when
comparing results from studies that adopt different fitting parameters.
Obviously, one of the biggest differences between the MPA/JHU method and ours is the
adopted stellar population model. Therefore, we repeat the procedure using the same
template setup (SFHs and IMF) but this time based on BC03-models. Differences be-
tween this mass estimate and the MPA/JHU masses are shown in Fig. 6.39, again with
and without reddening in the fit. Overall, masses are larger than with the M05-based tem-
plate setup (peak of distribution at ∼ 0.1 dex), but still lower than the MPA/JHU masses.
This is not helped by including reddening.
The best fit solution can be driven by degeneracies and sometimes be very isolated. In
Chapter 4 we showed that the mass estimate can be improved for some objects by aver-
aging over a range of solutions. Because the MPA/JHU masses are derived by taking the
median of the PDF this might have the same effect. HyperZspec provides all solutions
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Figure 6.39: Difference in stellar mass between the masses derived in this work and
MPA/JHU masses for DR7 galaxies. Our results are based on Chabrier IMF and BC03-
based templates. The dashed line marks ’no offset’. The black histogram refers to the
unreddened case, the red one to the use of a Calzetti reddening law in the fit. Large
outliers for the red histogram are due to the use of SSP templates in this setup. We
restrict the sample to solutions with χ2ν < 2 and 0.02 < z < 0.2 (77.9% of the sample
in the unreddened case, 80% in the reddened case; fractions are calculated using these
percentages as the total). Restricting only by redshift results in 81.1% of the sample
(19406 out of 23928).
(in the *.zm files if one chooses to obtain them7) which allow us to calculate a PDF, then
take the median and therefore obtain masses in the same manner as the MPA/JHU group.
As a first test we derive the masses of the mock star-forming galaxies from Chapter 4 by
taking the median of the PDF to check if this does indeed improve the mass estimate in
7This is not usually done because these files can get very large and significantly slow down the fitting
procedure.
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Figure 6.40: Stellar mass recovery when the mass is derived from the SED-fit using the
median of the PDF (right) or the best fit (left) for mock star-forming galaxies at z = 0.5
used in Chapters 4 and 5 and which are described in Section 2.1. Black dots represent
the unreddened case, red circles the case including reddening.
absolute terms (Fig. 6.40). Masses are higher and compare better to the true masses, in
particular when reddening is used in the fitting and the age-dust degeneracy affects the
result. However, masses are still underestimated overall.
Confident, that the mass estimate is improved by taking the median of the PDF, we now
apply this to the DR7 galaxies and show results for BC03-based templates in Fig. 6.41
for the two reddening options investigated previously. When no reddening is used dif-
ferences between the two masses are reduced such that the distribution peaks at zero
difference. However, we still find a tail of objects with underestimated masses. When
Calzetti reddening is used the distribution of ∆ logM∗ is very narrow but offset by∼ 0.2
dex such that our masses are lower than the MPA/JHU masses. Only a few differences in
the method remain to explain this. These are:
• secondary bursts,
• a fine grid of τ for the underlying exponentially declining SFH,
• a finer spaced range in metallicity and
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Figure 6.41: Differences in stellar mass between the masses derived in this work and
MPA/JHU masses for DR7 galaxies. Our results are based on Chabrier IMF and BC03-
based templates. Different to previous figures we obtain the mass by taking the median
of the PDF. Colours, symbols and fractions are the same as in Fig. 6.39.
• a minimum age of 0.1 Gyr.
In previous chapters we demonstrated that metallicity effects for star-forming galaxies
are of the order of 0.2 dex (see Fig. 4.8) but since we cover a very similar range in
metallicity as the MPA/JHU group, just less refined, we believe metallicity to be a small
contributor to this offset. Furthermore, differences between template setups are of the
same order as the difference between best fit solution and median PDF solution when
reddening is included (see Fig. 4.7). A constraint in minimum age has the same effect,
when reddening is included (see Fig. 4.9). Fig. 6.42 shows the result when we limit the
SFHs of the template setup to τ -models and the minimum age to 0.1 Gyr but keep the
wide range of metallicities and use the mass from the median PDF. The distribution of
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Figure 6.42: Differences in stellar mass between the masses derived in this work and
MPA/JHU masses for DR7 galaxies. Our results are based on Chabrier IMF, BC03-
based templates, Calzetti reddening and only exponentially declining SFHs. The mass is
obtained by taking the median of the PDF. The dashed line marks ’no offset’. We restrict
the sample to solutions with χ2ν < 2 and 0.02 < z < 0.2 (79.9% of the sample; fractions
are calculated using this percentage as the total). Restricting only by redshift results in
81.1% of the sample (19406 out of 23928).
∆ logM∗ broadens but the offset remains. Consequently, the addition of secondary bursts
must be the main driver of this offset. Pozzetti et al. (2007) use the MPA/JHU method and
model library and find that masses derived from a fit with simple SFHs are by up to 40%
lower than those derived with model templates that include secondary bursts. Hence, we
believe that the inclusion of secondary bursts in the SFHs explains most of the offset of
0.2 dex (which is equivalent to a factor of 1.6).
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Finally, we show stellar masses obtained by taking the median of the PDF when M05-
based templates are used in the fit in Fig. 6.43. The offset clearly reduces in the no
reddening case, but we gain a double-peak structure which is driven by the difference
in stellar population model between MPA/JHU and our masses and clearly a TP-AGB
effect. Fits with stellar population models including the TP-AGB provide younger ages
due to more flux in the near-IR around ages of 1 Gyr and therefore lower masses (M05,
M06, Appendix B). When reddening is included the double-peak structure remains al-
though the rank of the peaks is swapped.
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Figure 6.43: Differences in stellar mass between the masses derived in this work and
MPA/JHU masses for DR7 galaxies. Our results are based on Chabrier IMF and M05-
based templates. The mass is obtained by taking the median of the PDF. Colours, symbols
and fractions are the same as in Fig. 6.38.
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Figure 6.44: Masses compared to velocity dispersions for DR7 galaxies. On the left-
hand side we show the contours for the mass-velocity dispersion. Lines represent the
result of a linear least square fit using the MPA/JHU masses (red) and our masses (dashed
black). On the right-hand side the distributions for the offsets between predicted mass
from the line fit and the observed mass are shown. We restrict the sample to solutions
with χ2ν < 2 and 0.02 < z < 0.2 (76.4% of the sample). Top: MPA/JHU masses and
velocity dispersions. Middle: Our masses derived from the median PDF using a wide
setup without SSPs and a Chabrier IMF. Bottom: Our masses derived from the best fit
using a wide setup without SSPs and a Chabrier IMF.
Because we do not know the true masses of the DR7 galaxies we can only compare
our estimates to those derived with other techniques. Another way to estimate stellar
masses is via stellar dynamics. For this, effective radii and stellar velocity dispersions
are needed. For the DR7 galaxies we can compare to stellar velocity dispersions (Fig.
6.44). The comparison shows that both our and the MPA/JHU mass estimate align well
although with different slope with the stellar velocity dispersions of the DR7 galaxies.
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The slope of the relation is clearly steeper for our masses because they are somewhat
lower, especially at the lower mass end.
6.3.4 Conclusions
In the last section we calculated stellar masses for the DR7 galaxies using a similar fit-
ting setup as for the BOSS galaxies. We also compared our results to the stellar masses
obtained by the MPA/JHU group based on a somewhat different method and BC03 stel-
lar population models. In the process we confirmed that stellar masses obtained with
M05 and BC03 stellar population models are very different because of their treatment
of the TP-AGB. We also found that stellar masses are higher when secondary bursts are
considered in the SFHs because they compensate for on-going star formation while still
allowing older underlying populations. In agreement with our findings in the previous
chapters this confirms that the star formation history is the most important driver for cor-
rect stellar masses. Additionally, we find that because of degeneracies it may be more
robust to not take the mass of the best fit but a measure of all solutions by choosing the
mass of the median PDF. However, this is very time consuming and not an ideal solution.
This work will continue in two ways. Firstly, we will focus our efforts on new star forma-
tion histories which reflect better the bimodal nature of the mock star-forming galaxies
shown in Fig. 2.3 at low redshift. Secondly, in conjunction with the results for the BOSS
galaxies we will compare these results to predictions from semi-analytic models.
Chapter 7
Conclusions and Summary
In this thesis we studied the uncertainties involved with the determination of stellar pop-
ulation properties of galaxies via spectral energy distribution fitting of stellar population
models. For this purpose we utilised samples of mock galaxies (passive and star-forming)
for which the input properties are known a priori. We tested the effect of changing tem-
plate and fitting parameters on the overall result when redshift is known and used in the
fit (Chapter 4) as well as when the redshift is a free parameter (Chapter 5). Finally, we
applied our findings to samples of real galaxies of different type and at various distances
(Chapter 6). In total we determined the stellar masses of ∼ 1.5 million galaxies.
Our conclusions from Chapter 4 are:
• The stellar population parameters of star-forming and passive galaxies can be rea-
sonably well determined when the right setup and a broad wavelength coverage is
used in the fit.
• A simultaneous derivation of stellar population properties of star-forming galaxies
is only possible when the SFHs of the templates match the observed ones. This is
achieved at high redshift with inverted-τ models with high formation redshift and
not too short values of τ .
• Mismatches in SFH for star-forming galaxies result in underestimated ages and
stellar masses and overestimated reddening and SFRs. For older galaxies with
residual star formation (at low redshift) the age-dust degeneracy drives the fitting
result.
• The stellar masses of passive galaxies are generally well recovered.
• Metallicity effects are only important for old and passive galaxies.
When redshift is left free in the fit (Chapter 5) we can add the following conclusions:
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• Redshifts are well determined (median recovered redshift within ∼ 0.05) only
when a broad wavelength coverage covering the Lyman and 4000 A˚ break is used
in the fit. The exact template setup (SFH, metallicity, IMF etc.) is less important.
• Stellar masses of star-forming galaxies with little star formation (at low redshift)
are better recovered than at fixed redshift by up to 0.3 dex (reddened case at z =
0.5) because redshift compensates.
• The mismatch between template and galaxy SFH is still the most important driver
for underestimated ages and stellar masses and overestimated reddening and SFRs
because of the overshining and degeneracies between age, dust and redshift.
• For z ≥ 2 star-forming galaxies redshifts, stellar masses and SFRs can be obtained
simultaneously with a wide setup and no reddening in the fit. This means that pho-
tometry seems to be sufficient for the robust determination of the stellar population
properties of high redshift galaxies.
• The properties of mock passive galaxies are generally recovered very well even
when the redshift is unknown. Masses are recovered within 0.2 dex.
The sensitivity of the SED-fit to the stellar population model was studied in Appendices
B and C and results can be summarised to:
• When fitting BC03 models to M05 mock star-forming galaxies (Appendix B) ages
are older due to the differences in the stellar population model. Consequently,
stellar masses are higher and match the input masses better. This better agreement
is contrived as it originates from the compensation of the wrong stellar population
model.
• Equivalent results are provided in the reverse case (fitting of BC03 and M05 tem-
plates to BC03-type mock star-forming galaxies, Appendix C), i.e. masses and
ages are underestimated in general. Stellar masses obtained from fits with M05
models are lower than masses derived with BC03 templates and show a clear off-
set caused by the various differences in the stellar population model (stellar tracks,
TP-AGB, etc.) in agreement with findings of e.g. M06.
• The redshift recovery is significantly worse with BC03 templates for M05 mock
star-forming galaxies such that redshift recovery fails in up to ∼ 30% of the cases.
In these cases recovering the stellar mass fails as well (underestimation of more
than 2 dex) and most SFRs are zero.
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• When BC03-type galaxies are fit with M05 templates then the redshift recovery is
comparable to that with BC03 templates.
• The redshifts of BC03-type galaxies are recovered (with templates of either stel-
lar population model) worse than those of M05-type galaxies with M05 templates
and show larger scatter, e.g. at z = 0.5 the mean ∆z = −0.007 ± 0.082 in the
unreddened case (∆z = 0.011± 0.115 in the reddened case) for M05-type galax-
ies fit with M05 templates and ∆z = 0.015 ± 0.133 (∆z = 0.128 ± 0.316) for
BC03-type galaxies fit with M05 templates. BC03 templates recover the redshift
of BC03-type galaxies at z = 0.5 similarly well and those of M05-type galax-
ies significantly worse. Thus, it seems to be best to derive redshifts with M05
templates independently of the underlying stellar population model of the mock
galaxies.
Overall, we find that stellar masses can be best recovered when no reddening and a wide
wavelength coverage is used in the fit. At high redshift we were able to identify the SFH
that best matches observed SFH of star-forming galaxies and allows us to recover masses
perfectly. In Chapter 6 we applied templates of this particular SFH (inverted-τ with high
formation redshift and not too small values of τ ) to a sample of star-forming galaxies in
the GOODS-S survey for which we also find that SFRs and reddening determined via the
SED-fit agree with independent measurements from the UV-slope, thus confirming our
results.
For BOSS galaxies we conclude that the chosen colour cuts work very well and stellar
masses can be maximised using a specific type of template tuned towards the specific
galaxy type observed within BOSS. Again this points out that the correct SFH is crucial
for obtaining meaningful galaxy properties from SED-fitting.
For the SDSS-DR7 galaxies we find that the difference in the stellar mass estimate de-
rived with M05 and BC03 models is substantial and driven by different assumptions
concerning the TP-AGB evolution in the models. The comparison with the MPA/JHU
masses showed that masses are on average higher when the mass at the median of the
PDF is used instead of the mass of the best fit. We have also seen that including sec-
ondary bursts increases the mass estimate by up to 0.2 dex. Again, an exact prescription
of the SFH is important to accurately determine stellar masses (and other stellar popula-
tion properties).
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On-going and future work
Much effort is still needed in order to unify data sets of various existing surveys which
have been analysed in different ways before they can be used together to build a uni-
form picture of galaxy formation and evolution. We have seen that the SFH assumed in
the templates is an important driver for the robust estimation of galaxy properties at any
redshift. For high-redshift star-forming galaxies we already identified the best SFH that
should be used in the fit. For low-redshift, aged galaxies with little on-going star forma-
tion a better prescription is needed. Some authors make use of secondary bursts in order
to maximise the stellar mass and in order to more realistically model the bursty nature
of galaxies where starbursts are triggered by merging and galaxy encounters. However,
these contain a large number of free parameters, such as burst duration, time of occur-
rence and burst strength, on top of the already wide parameter choices. It remains to
be determined whether this choice has a physical meaning or is just an effective way of
maximising the stellar mass. Covering a large parameter space also always comes with
the need for more computation time. Although many high performance supercomputers
for astrophysical purposes (e.g. COSMOS and SCIAMA) exist, one still desires to carry
out calculations as efficiently as possible. Thus the simplest and most efficient setup for
SED-fitting which still allows robust parameter estimation should be used. A way to
better match the SFHs of low redshift, aged galaxies with little star formation could be
to adopt SFHs that show increasing SFR at young ages, therefore incorporating what we
determined to be best at high redshift, and decreasing SFRs after some time. They would
thus represent a natural low-redshift extension of the inverted-τ models at high-redshift.
These new models can then be tested with simulated galaxies for their ability to recover
the galaxy physical parameters.
SERVS - The Spitzer Extragalactic Representative Volume Survey SERVS (Lacy
et al., 2008) aims at taking a complete census of massive galaxies between redshift 1
and 6 at 3.6 and 4.5 µm by exploiting the warm phase of the Spitzer Space Telescope.
Its specific aims include the study of stellar mass assembly using photometric redshifts
and mass estimates from SED-fitting, the study of obscured star formation, the investi-
gation of the role of AGN and the role of environment with respect to galaxy formation
and evolution and the study of the highest redshift quasars. Imaging is carried out in 5
well-known extragalactic fields (Lockman Hole, Elias North 1, Elias South 2, Chandra
Deep Field South and XMM) covering a total area of ∼ 18 deg2 and providing a vast
amount of ancillary data in the optical and near-IR. The method of SED-fitting naturally
exploits the broad wavelength coverage available for SERVS and allows the estimation
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of robust photometric redshifts and stellar masses. This is crucial for the study of stel-
lar mass assembly, one of the key science goals of SERVS. During the last year we
have been working on the derivation of photometric redshifts for SERVS galaxies using
SED-fitting. We carried out a comparison between photometric and spectroscopic red-
shifts (where available) in order to optimise the template and fitting setup with respect
to accuracy and economics. Currently, SERVS data and the crossmatch with ancillary
data is being finalised but preliminary results for the achieved redshift accuracy are very
promising. The agreement between photometric and spectroscopic redshifts is very good
(zphot− zspec < 0.05). We further verified this by applying the same method to the larger
statistical sample of the VVDS -Simple survey. For SERVS, especially the findings of
Chapter 5 help in estimating the reliability of the photometric redshift estimation and
its dependence on the wavelength coverage as ancillary data in the SERVS fields is not
uniformly. Results from the latter have been successfully used in observational proposals
for ancillary data in the SERVS fields. This work will continue in estimating the stellar
masses of SERVS galaxies adopting composite stellar population models used through-
out this thesis.
In the light of the wealth of existing data from past galaxy surveys and new data from up-
coming and on-going surveys aimed at galaxy formation and evolution it will be exciting
to apply the findings of this thesis to help unify data sets and piece together the puzzle of
galaxy formation and evolution.
Appendix A
Parameter files for HyperZ and
HyperZspec
A.1 Input parameter file for HyperZspec
#######################################################################
################ hyperzspec ##################
################ version 0.2 - August 27, 2004 ##################
################ by Micol Bolzonella ##################
#######################################################################
A0VSED ../../../filtersCM/A0V_KUR_BB.SED # Vega SED
FILTERS_RES ../../../filtVeganew.res # filters’ transmission
FILTERS_FILE ../../../filters_Veganew.param # filter’s file
TEMPLATES_FILE ../../../spectrasalpwoSSP.param # templates
CATALOG_FILE ../../FINALmockcatallVd05JPlyf.cat # catalogue file
MAG_TYPE 0 # 0: standard Vega magnitudes
# 1: AB magnitudes (Oke 1974)
# 2: flux in microJansky
ERR_MAG_MIN 0.05 # minimum photometric error
# (used in make_catalog if NOISE_TYPE=1)
ERR_MIN_LAW 0 # 0. ERR_MAG_MIN is the minimum phot error
# 1. ERR_MAG_MIN is added in quadrature
REDDENING_LAW 0 # reddening law
# 0: no reddening
# 1: Allen (1976) MW
# 2: Seaton (1979) MW
# 3: Fitzpatrick (1983) LMC
# 4: Prevot (1984) Bouchet (1985) SMC
# 5: Calzetti (2000)
AV_MIN 0.0 # minimum A_v
AV_MAX 3.0 # maximum A_v
AV_STEP 0.20 # Av_err
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AGE_TYPE 1 # 0. free
# 1. free with age < age universe
# - age(T_FORM) (supersedes AGE_CHECK)
# 2. fixed age: age=age of universe-T(Z_FORM)
AGE_MIN -1.00 # Minimum age to be considered in Gyr
AGE_MAX 20.0 # Maximum age to be considered in Gyr
# if AGE_TYPE = 0 both AGE_MIN and AGE_MAX
# will be considered
# if AGE_TYPE = 1 max age will be the minimum
# between age and AGE_MAX, min age = AGE_MIN
# if AGE_TYPE = 2 this parameter is ignored
Z_FORM 20 # formation redshift
# (used only if AGE_TYPE=1)
AGE_REBIN 0 # age rebinning (only for BC templates)
# 0. no (221 ages), 1. yes (51 ages)
NCOL_ZSPEC 1 # number of the column with zspec after
# the photometric catalogue columns
OUTPUT_FILE FINALmocktreeall2Vd05JPlyfwoSSPnoMCsalpred0
# N.B. without extension.
# The default file will have .zspec extension
OUTPUT_TYPE 0 # 0: 2.E-17 erg/cmˆ2/s/A,
# 1: microJy, 2: mag_AB
SED_OBS_FILE y # file .zobs_sed
SED_TEMP_FILE y # file .ztemp_sed
MATRIX y # file .zm for each object
SPECTRUM y # file .zspe for each object
FILT_M_ABS 8 # filter for absolute magnitude
WL_MAX 25000. # maximum lambda_eff [A] to be used
IR_FILTERS 1 # 0: use all available filters
# 1: use filters with lambda_eff > WL_MAX
# only when lambda_eff/(1+z) < WL_MAX
# 2: don’t use filters with lambda_eff>WL_MAX
SN_LIMIT 1 # S/N limit for detection (applied in
# each filter); if S/N<SN_LIMIT the object
# is considered as non detected in that
# filter (like mag=99.) ‘
#M_ABS_MIN -25. # minimum absolute magnitude (bright)
#M_ABS_MAX -12. # maximum absolute magnitude (faint)
M_ABS_ALG 1 # Algorithm to compute absolute magnitudes
# 0. nearest filter
# 1. best fit normalization
H0 71.9 # Hubble constant in Km/s/Mpc
OMEGA_M 0.258 # density parameter (matter)
OMEGA_V 0.742 # density parameter (Lambda)
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A.2 Input parameter file for HyperZ
#######################################################################
################ hyperz & make_catalog parameters ##################
################ version 1.2 - January 24, 2003 ##################
################ by Bolzonella, Pello’ & Miralles ##################
#######################################################################
#### Reference: Bolzonella, Miralles & Pello’, 2000, A&A 363, 476 ####
#### Web: http://webast.ast.obs-mip.fr/hyperz/ ####
#######################################################################
A0VSED ../../../filtersCM/A0V_KUR_BB.SED # Vega SED
FILTERS_RES ../../../filtVeganew.res # filters’ transmission
FILTERS_FILE ../../../filters_Veganew.param # filter’s file
TEMPLATES_FILE ../../../spectrasalpwoSSP.param # templates
MAG_TYPE 0 # 0: standard Vega magnitudes
# 1: AB magnitudes (Oke 1974)
# 2: flux in microJansky
ERR_MAG_MIN 0.05 # minimum photometric error
# (used in make_catalog if NOISE_TYPE=1)
Z_MIN 0. # minimum redshift
Z_MAX 6. # maximum redshift
REDDENING_LAW 0 # reddening law
# 0: no reddening
# 1: Allen (1976) MW
# 2: Seaton (1979) MW
# 3: Fitzpatrick (1983) LMC
# 4: Prevot (1984) Bouchet (1985) SMC
# 5: Calzetti (2000)
AV_MIN 0.0 # minimum A_v
AV_MAX 3.0 # maximum A_v
LY_FOREST 1.0 # Lyman Forest
# 1. : fixed Madau value
# other values: 3 optical depth considered
# <tau_eff>/LY_FOREST, <tau_eff> and
# <tau_eff>*LY_FOREST
OUTPUT_FILE FINALmocktreeall2Vd05JPlyfhznewwoSSPnoMCsalpred0
# N.B. no extension !!
# hyperz: root name for output files
# (see other parameters)
# make_catalog: .model random catalogue
# .cat catalogue with noise
H0 71.9 # Hubble constant in Km/s/Mpc
OMEGA_M 0.258 # density parameter (matter)
OMEGA_V 0.742 # density parameter (Lambda)
########################### hyperz only ################################
FILT_M_ABS 8 # filter for absolute magnitude
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# 1: use filters with lambda_eff > WL_MAX
# only when lambda_eff/(1+z) < WL_MAX
# 2: don’t use filters with lambda_eff>WL_MAX
#SN_LIMIT 1 # S/N limit for detection (applied in
# each filter); if S/N<SN_LIMIT the object
# is considered as non detected in that
# filter (like mag=99.) ‘
M_ABS_ALG 1 # Algorithm to compute absolute magnitudes
# 0. nearest filter 1. best fit normalization
CATALOG_FILE ../../FINALmockcatallVd05JPlyf.cat
# catalogue file
CATALOG_TYPE 0 # catalogue type
# 0: z/cat
# 1: z/obj
Z_STEP 0.05 # step in redshift
ZSTEP_TYPE 0 # 0 step = Z_STEP
# 1 step = Z_STEP*(1+z)
AV_STEP 0.20 # Av_err
AGE_TYPE 1 # 0. free
# 1. free with age < age universe
# - age(T_FORM) (will supersede AGE_CHECK)
# 2. fixed age: age=age of universe-T(Z_FORM)
AGE_MIN -1.00 # Minimum age to be considered in Gyr
AGE_MAX 20.0 # Maximum age to be considered in Gyr
Z_FORM 20 # formation redshift
# (used only if AGE_TYPE=1)
AGE_REBIN 0 # age rebinning (only for BC templates)
# 0. no (221 ages), 1. yes (51 ages)
PROB_THRESH 10.00 # prob. thresh. for second. max. (0,100)
OUTPUT_TYPE 0 # 0: 2.E-17 erg/cmˆ2/s/A,
# 1: microJy, 2: mag_AB
SED_OBS_FILE y # file .obs_sed
SED_TEMP_FILE y # file .temp_sed
LOGPHOT_FILE y # file .log_phot
CATPHOT_FILE y # file .cat_phot
ZPHOT_FILE y # file .z_phot
####################### optional parameters #######################
#Z_CLUSTER 1. # redshift of cluster
#M_ABS_MIN -25. # minimum Vega absolute magnitude (bright)
#M_ABS_MAX -12. # maximum Vega absolute magnitude (faint)
MATRIX y # file .m for each object
SPECTRUM y # file .spe for each object
#EBV_MW 0. # E(B-V) for galactic dereddening
Appendix B
Fitting BC03 templates to M05 galaxies
B.1 At fixed redshift
It is interesting to see the effect of fitting galaxies adopting a certain stellar evolution
with templates adopting another prescription. To this aim we fitted the semi-analytic
star-forming galaxies whose spectra adopt the M05 stellar population models with tem-
plates based on the BC03 stellar population models. Results are shown in Figs. B.1 - B.5.
Ages derived from BC03 templates are on average older than those from the M05-based
templates (Fig. B.1). This is clearly a TP-AGB effect for ages between ∼ 0.2 and 2 Gyr
(M05, M06). M05 templates contain more flux in the rest-frame near-IR caused by the
TP-AGB. BC03 templates have a lower contribution from this phase, hence an older age
of these templates is required to match the near-IR flux. At ages ≥ 2 Gyr (and metallic-
ities ≥ Z⊙) M05 models are bluer than BC03 models because of the warmer Red Giant
Branch1 (RGB) in the Frascati stellar tracks used in M05. The optical/near-IR ratio is
most affected by these differences in the stellar tracks, for example the V −K colour is
0.08 mag bluer in the Frascati tracks (see M05 for more details). This is compensated by
younger ages obtained with BC03 templates.
For the youngest ages (at low redshift) differences between M05 and BC03-based mod-
els stem from the different input stellar tracks for young populations, namely Geneva for
M05 and Padova for BC03. Geneva tracks in particular are redder than Padova tracks
around 10 Myr, an effect due to the assumed mass-loss and post-MS evolution (Maras-
ton, 2011a). This implies a redder M05 model at very young ages which may drive BC03
1most likely caused by a different treatment of the mixing length in these tracks in comparison to the
Padova tracks used in BC03, see M05 Fig. 9
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Figure B.1: Ages derived from SED-fitting with different stellar population synthesis
models (M05 and BC03) for mock star-forming galaxies based on M05 photometry. A
wide setup and wavelength coverage was used. Black refers to the unreddened case, red
to the case including reddening.
templates to fit with older ages.
Fig. B.2 shows that the best fit solution obtained from BC03-based templates is on av-
erage more metal-rich than that from M05-based templates. This in combination (and
degeneracy) with age compensates the lower fuel in TP-AGB and red supergiant stars in
the model. At low redshift the reddening is better determined with BC03-based templates
which on average provide less reddening (Fig. B.3). Obviously, this is because ages are
older and metallicities are higher. However, as the model galaxies evolve a` la M05, this
better agreement is contrived as it originates from the compensation of the wrong deter-
mination of parameters. At high redshift, the reddening values from both models agree
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Figure B.2: Same as Fig. B.1 for the derived metallicities. Red histograms stand for
BC03-based results, black shaded histograms for M05-based results.
very well.
Masses derived with templates based on BC03 stellar population models are on average
higher than M05-based masses by 0.34 to 0.12 dex (at z = 0.5 and 3, respectively). The
mass for M∗ > 109.5M⊙ at z ≥ 1 is higher by up to 0.6 dex (Fig. B.4). This is in
agreement with previous findings of M06 and Pozzetti et al. (2007). In the unreddened
case this clearly points out the different TP-AGB, particularly at high redshift where a
significant amount of stars is found in this evolutionary phase. In the reddened case the
age-dust degeneracy dominates. At z ≤ 1 the lower TP-AGB in the BC03 models causes
just the right amount of overestimation in age to correctly predict stellar masses. Given
that the physical effect is to underestimate the mass, the larger masses derived with BC03
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Figure B.3: Same as Fig. B.1 for the comparison of derived dust attenuation.
templates are closer to the correct mass but for the wrong reason. At z ≥ 2 BC03 tem-
plates overestimate the masses at the high-mass end for this reason.
The SFRs derived with both models agree very well at low redshift (Fig. B.5), at high
redshift BC03-based template setups give lower SFRs on average in the reddened case.
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Figure B.4: Same as Fig. B.1 for the comparison of derived stellar masses. Black refers
to the unreddened case, red to the case including reddening.
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Figure B.5: Same as Fig. B.1 for the comparison of derived star formation rates. Black
refers to the unreddened case, red to the case including reddening.
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B.2 With redshift as a free parameter
Figs. B.6-B.11 show the results for the recovery of redshift, age, metallicity, reddening,
stellar mass and SFR of M05 mock galaxies with BC03 templates when redshift is a free
parameter.
Firstly, we show the redshift recovery with BC03 models for M05 galaxies in Fig. B.6.
Redshifts for redshift 2 and 3 objects are similarly well recovered as with M05-based
models. Redshifts for z = 1 objects are better recovered in the unreddened case, those
of z = 0.5 are systematically overestimated. When reddening is included however, the
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Figure B.6: Redshifts derived from SED-fitting with BC03-based templates for mock
star-forming galaxies based on M05 photometry. A wide setup and wavelength coverage
was used. Solid lines refer to the unreddened case, dashed lines to the case including
reddening. Input redshifts are colour-coded as black for z = 0.5, red for z = 1, blue
for z = 2 and green for z = 3, respectively. For each redshift we show in each panel
the mean redshift and errorbars reflecting one standard deviation for the unreddened case
(upper row) and for the dust reddened case (lower row).
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Figure B.7: Ages derived from SED-fitting when redshift is a free parameter with differ-
ent stellar population synthesis models (M05 and BC03) for mock star-forming galaxies
based on M05 photometry. A wide setup and wavelength coverage was used. Black
refers to the unreddened case, red to the case including reddening. Fig. B.1 shows the
case at fixed redshift.
number of extreme outliers increases for low redshift objects. This is due to the degener-
acy between age, dust and redshift.
Fig. B.7 shows that for the lowest redshift, ages derived with BC03 templates are on
average younger than those derived with M05 templates. Particularly, when reddening is
included in the fit, ages from BC03 templates are very young. At z = 1 this is still the
case for a few objects for which also the redshift recovery fails. At fixed redshift ages
from BC03 templates were much older. In the unreddened case clearly the degeneracy
between age and redshift has a stronger effect when the wrong stellar population model is
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Figure B.8: Same as Fig. B.7 for the derived metallicities. Red histograms stand for
BC03-based results, black shaded histograms for M05-based results. Fig. B.2 shows the
case at fixed redshift.
used. As explained in the previous section BC03 models are redder than M05 models for
older ages due to the different stellar tracks. This in combination with a larger redshift
(especially at z = 0.5) requires younger ages from the fit. When reddening is included
the degeneracy with dust then drives ages to even younger values and the redshift recov-
ery fails. At higher redshift the differences between ages from BC03 and M05-based
templates are similar to the case at fixed redshift, meaning ages from BC03 templates
are on average older. We already explained in the previous section that this is a TP-AGB
effect and for the youngest ages an effect of the different stellar tracks.
In Fig. B.8 we show the distributions of the best fit metallicities inferred from BC03 and
M05 templates. Similar to the fixed redshift case fits with BC03 templates provide on
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Figure B.9: Same as Fig. B.7 for the comparison of derived dust attenuation. Fig. B.3
shows the case at fixed redshift.
average metal-richer solutions. Again we find the largest differences to the fixed redshift
case for the lowest redshifts. Metallicities are also higher on average compared to the
fixed redshift case.
While at fixed redshift the reddening of low redshift galaxies was better estimated with
BC03 templates, reddening is even more overestimated when redshift is left free (Fig.
B.9) because ages and redshifts are underestimated. This again demonstrates the many
degeneracies one faces at low redshift where the age range in the fitting is wide and
galaxies are mainly old with only little on-going star formation. At high redshift red-
dening values from M05 and BC03 templates agree better and are comparable to those
derived at fixed redshift.
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Figure B.10: Same as Fig. B.7 for the comparison of derived stellar masses. Black refers
to the unreddened case, red to the case including reddening. Fig. B.4 shows the case at
fixed redshift.
Masses derived with templates based on BC03 stellar population models are on average
higher than M05-based masses at z ≥ 2 which is the same as at fixed redshift albeit with
slightly increased scatter. Again this is clearest for M∗ > 109.5M⊙ where the offset is on
average ∼ 0.2 dex. This is a TP-AGB effect. At low redshift on the other hand, masses
agree much better in the unreddened case because redshift compensates differences in the
stellar population model. Note that compared to the true values masses are still underesti-
mated. However, when reddening is included we find a large offset in stellar mass for the
objects for which the redshift recovery fails with BC03 templates. This again is an effect
of the age-dust-redshift degeneracy which we pointed out earlier. For 34% of objects
the redshift is falsely identified as being zero (compare also Fig. B.6), for these objects
the mass recovery fails completely. For the remaining outliers (redshift difference∼ 0.4)
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Figure B.11: Same as Fig. B.7 for the comparison of derived star formation rates. Black
refers to the unreddened case, red to the case including reddening. Fig. B.5 shows the
case at fixed redshift.
masses are smaller by at least 0.7 dex. At redshift 1 they are smaller by at least∼ 2.1 dex.
Finally, we show the comparison for the SFRs in Fig. B.11. At high redshift SFRs
compare similarly well as in the fixed redshift case. When reddening is included, SFRs
derived with BC03 models are on average lower. This is also the case at low redshift. At
z = 0.5 most SFRs obtained with BC03 models are zero in the reddened case because
of the failure in redshift and mass recovery. When redshift is fixed, SFRs agreed much
better.
Appendix C
Fitting M05 and BC03 templates to
Pegase-based semi-analytic galaxies
C.1 At fixed redshift
Here we investigate the reverse exercise as in Appendix B, i.e. we fit M05 or BC03
templates to semi-analytic galaxies based on the PEGASE templates (Fioc & Rocca-
Volmerange, 1997). The stellar population models from PEGASE use the same stellar
tracks and TP-AGB treatment as the BC03 stellar population models. Therefore, this
case is similar to fitting BC03-type mock galaxies. Results are shown in Figs. C.1 - C.4.
Overall, we find the same trends as in Section 4.3, ages and stellar masses are underesti-
mated, reddening and SFRs are overestimated.
At each redshift, M05-based templates underestimate the age more than BC03-based
templates which is evident in a clear offset at z = 2 in Fig. C.1. BC03 templates recover
the (mass and oldest SSP) age of the PEGASE galaxies similarly as M05 templates re-
covered the (mass-weighted and oldest SSP) age of M05 galaxies in Fig. 4.2. Note, that
overall ages are not very well recovered. For M05 galaxies BC03 templates overestimate
the age.
This effect is carried through to the derived stellar masses. While fitting with M05
templates leads to underestimated masses (with a clear offset), BC03 templates recover
masses at high redshift very well (Fig. C.2). At low redshift masses are underestimated.
Most important is that BC03 templates show the same behaviour for BC03-type galax-
ies as M05 templates for M05-type galaxies (compare to Fig. 4.7), meaning the mass is
on average underestimated. This shows again that when fitting M05-type galaxies with
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Figure C.1: Ages derived from SED-fitting with different stellar population synthesis
models (M05 and BC03) for mock star-forming galaxies based on PEGASE stellar evo-
lution as a function of the age of the oldest SSP in the galaxy (left panels) and mass-
weighted ages (right panels). Shown are the cases for z = 0.5 (upper part) and z = 2
(lower part). A wide setup and wavelength coverage was used for both, M05 and BC03.
Black refers to the unreddened case, red to the case including reddening.
BC03 templates the correct determination of the mass is just due to a good concatena-
tion of compensating effects, namely the determination of an older age due to TP-AGB
effects, which is by good chance similar to the age of the underlying older population.
Reddening and SFRs are comparable for M05 and BC03 templates, independently of the
flavour of the input galaxies.
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Figure C.2: Same as in Fig. C.1 for stellar masses. Quality factors are given for the entire
mass range.
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Figure C.3: Same as Fig. C.1 for the comparison of derived dust attenuation when mock
star-forming galaxies are based on PEGASE models. Red dots show results derived with
BC03-based templates in the fitting, black those with M05-based templates.
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Figure C.4: Same as Fig. C.2 for the comparison of derived star formation rates.
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C.2 With redshift as a free parameter
As in Appendix B we also studied the case in which redshift is left free in the fit when we
fit M05 or BC03 templates to semi-analytic galaxies based on PEGASE templates (Fioc
& Rocca-Volmerange, 1997). Figs. C.5 - C.9 show the results. Overall, we find the same
trends as in Section C.1, ages and stellar masses are underestimated, reddening and SFRs
are overestimated.
First, we study the redshift recovery in Fig. C.5. Apart from the highest redshift galax-
ies, the redshift is recovered worse on average than when mock star-forming galaxies are
based on M05 models, independently of the stellar population model of the templates
that are used in the fit. Particularly, for z ≤ 2 redshift recoveries show a much wider
distribution because the chosen filter set comprises the 4000 A˚ break but not the Lyman
break. Interestingly, it seems that using the M05 templates in the fitting provides overall
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Figure C.5: Redshifts derived from SED-fitting with different stellar population models
- M05 (top) and BC03 (bottom) - for mock star-forming galaxies based on PEGASE
photometry. A wide setup and wavelength coverage was used. Solid lines refer to the
unreddened case, dashed lines to the case including reddening. Input redshifts are colour-
coded as black for z = 0.5, red for z = 1, blue for z = 2 and green for z = 3,
respectively. For each redshift we show in the mean redshift and errorbars reflecting one
standard deviation for the unreddened case (upper row) and for the dust reddened case
(lower row).
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Figure C.6: Age recovery with M05- and BC03-based templates (top and bottom in each
panel) for mock star-forming galaxies based on PEGASE photometry when redshift is a
free parameter in the fit. A wide setup and wavelength coverage was used. Black refers
to the unreddened case, red to the case including reddening. Left: Comparison to the age
of the oldest SSP present. Right: mass-weighted ages. Fig. C.1 shows the case at fixed
redshift.
a better photometric redshift determination independently of the real stellar evolution.
We had seen in Appendix B that the redshift recovery is significantly worse with BC03
templates on M05 galaxies, especially at low redshift.
Clearly, age is the compensating factor. Fig. C.6 shows that ages derived with M05 mod-
els in the unreddenend case at low redshift are either very old (> 3 Gyr) or young (< 300
Myr), i.e. the age range for the TP-AGB is avoided. This distinction is clearer than at
fixed redshift where ages from M05 templates were mostly younger than those derived
with BC03 templates. When redshift is free older ages are paired with lower redshifts
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Figure C.7: Stellar mass recovery as a function of stellar population model (M05 and
BC03 from left to right) or mock star-forming galaxies based on PEGASE photometry
when redshift is left free. Red symbols refer to the reddened case, black to the unreddened
case. A wide setup and a UBVRIJHK+IRAC wavelength coverage was used. Redshift
increases from top to bottom. Quality factors refer to the entire mass range. Fig. C.2
shows the mass recovery at fixed redshift.
and vice versa to compensate. Ages inferred from BC03 templates are generally younger
than at fixed redshift. When reddening is included, the age-dust degeneracy dominates,
driving the fit towards very young ages for both template setups. For M05 nearly all ages
are below 300 Myr in this case. At high redshift derived ages are very similar to the fixed
redshift case. Ages derived with M05 templates are clearly younger than those derived
with BC03 templates and therefore show a clear offset to the oldest and mass-weighted
ages. This is the same effect which causes overestimated ages from BC03 templates for
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Figure C.8: Recovered E(B − V ) when M05 (black) and BC03 (red) templates are used
to fit mock star-forming galaxies based on PEGASE photometry and redshift is a free
parameter in the fit. Fig. C.3 shows the fixed redshift case.
M05 galaxies.
As shown in Section 5.3 the stellar mass recovery profits from the additional degree of
freedom in the fit introduced by leaving the redshift free. This is also the case when
BC03-type mock star-forming galaxies are fit with M05 and BC03 templates (Fig. C.7),
particularly at low redshift. While at fixed redshift masses derived with M05 templates
were underestimated on average by∼ 0.5 dex in the unreddened case (compare Fig. C.2)
they are underestimated on average only by ∼ 0.25 dex when redshift is left free. For
masses derived with BC03 templates the effect is very small instead. Including reddening
in the fit worsens the result because of the age-dust degeneracy. This is similar to the case
at fixed redshift and true for both stellar population models. It is worth to note that when
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Figure C.9: Star formation rate recovery as a function of stellar population model for
mock star-forming galaxies based on PEGASE photometry (M05 and BC03, top and
bottom in each panel) when redshift is a free parameter in the fit. Red symbols refer to
the reddened case, black to the unreddened case. A wide setup and a UBVRIJHK+IRAC
wavelength coverage was used. Redshift increases from top left to bottom right. Quality
factors refer to the entire SFR range. Fig. C.4 shows the case at fixed redshift.
reddening is included masses derived with M05 still show the same systematic offset as
in the fixed redshift case.
The reddening determination is comparable for M05 and BC03 templates, independently
of the flavour of the input galaxies (Fig. C.8). This is similar to the fixed redshift case.
However, at low redshift both stellar population models require somewhat less reddening
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when redshift is free because redshift compensates.
Finally, we show the SFR recovery of BC03-type galaxies with M05 and BC03 templates
when redshift is free in Fig. C.9. When reddening is excluded from the fit SFRs are
generally well recovered, although at low redshift many of them are underestimated.
With reddening in the fit SFRs are even more overestimated at low redshift than at fixed
low redshift (compare Fig. C.4). At high redshift SFRs are overestimated for SFR<
10M⊙/yr and recovered well for SFRs larger than 10M⊙. This is equivalent to our
results at fixed redshift.
Appendix D
Comparison to Wuyts et al 2009
D.1 At fixed redshift
In Chapter 4 we studied the dependence of the derivation of stellar population properties
from SED-fitting on the fitting parameters using mock galaxies. We compared our results
with those of Wuyts et al. (2009) who carried out a similar exercise but using mock
galaxies based on a different stellar population model. For a direct comparison with
Wuyts et al. (2009) we show here our version of their Fig. 8 in which we swapped the
AV row with a row showing the metallicity (Fig. D.1). We also list median values with
68% confidence levels of the difference between derived and true age, mass, SFR and
E(B − V ), together with those of Wuyts et al. (2009) in Table D.1.
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Table D.1: Comparison of our SED-fitting performance for age, reddening, stellar mass
and SFR with Wuyts et al. (2009). We list the median (∆m) values of ∆ with their 68%
intervals, respectively, for mock star-forming galaxies for 3 setups: 1) a wide setup with
UBVRIJHK+IRAC filter bands in the reddening case, 2) same as 1) with a minimum age
of 0.1 Gyr, 3) inverted-τ at z = 2 (age fixed to 2 Gyr) and z = 3 (age fixed to 1.1 Gyr).
For mock passive galaxies we list only the cases for the wide setup. Values of Wuyts et
al. are medians with 68% intervals. ∆ is defined as the difference between recovered and
true value. For stellar mass, age and SFR the logarithmic values are used. The true age for
the mock star-forming galaxies is represented by the mass-weighted age. For inverted-τ
models we compare to the oldest age. Ages from Wuyts et. al. refer to mass-weighted
ages. Negative values of ∆ mean underestimation of the according property, positive
values stand for overestimation. In cases in which either true or best-fit SFR equal zero,
we adopt a dummy value of 0.001M⊙/yr to be able to express them in logarithm.
Setup/literature ∆mlog age ∆mE(B − V ) ∆mlogM∗ ∆mlog SFR
Wuyts+ disk 0.03+0.19−0.42 −0.02+0.13−0.07 −0.06+0.06−0.14 −0.22+0.23−0.28
Wuyts+ merger −0.12+0.40−0.26 −0.02+0.08−0.08 −0.13+0.10−0.14 −0.44+0.32−0.31
Wuyts+ spheroid −0.03+0.12−0.14 −0.03+0.11−0.07 −0.02+0.06−0.11 −0.23+0.62−0.47
mock star-forming
with reddening
wide setup
z = 1 −0.35+0.45−0.64 0.05
+0.14
−0.05 −0.22
+0.21
−0.22 0.11
+0.29
−0.43
z = 2 −0.15+0.29−0.73 0.00
+0.06
−0.01 −0.12
+0.09
−0.39 0.06
+0.39
−0.41
z = 3 −0.12+0.34−0.83 0.02
+0.04
−0.05 −0.15
+0.12
−0.43 0.11
+0.53
−0.78
wide, age ≥ 0.1 Gyr
z = 1 −0.33+0.43−0.49 0.05
+0.10
−0.05 −0.22
+0.21
−0.20 0.15
+0.27
−0.32
z = 2 −0.03+0.22−0.28 0.00
+0.05
−0.01 −0.11
+0.08
−0.10 0.06
+0.14
−0.16
z = 3 0.09+0.27−0.21 0.00
+0.04
−0.04 −0.11
+0.08
−0.11 −0.02
+0.16
−0.25
inverted-τ
z = 2 0.19+0.41−0.19 0.01
+0.09
−0.01 0.01
+0.05
−0.06 0.17
+0.23
−0.20
z = 3 0.26+0.30−0.26 0.00
+0.05
−0.04 0.02
+0.05
−0.06 −0.04
+0.33
−0.29
mock passive
no reddening
wide
z = 0.5 0.03+0.12−0.05 - 0.01
+0.04
−0.05 0.00
+0.00
−0.00
z = 1 0.02+0.04−0.02 - 0.00
+0.02
−0.01 0.00
+0.00
−0.00
with reddening
wide
z = 0.5 0.02+0.10−0.11 0.00
+0.07
−0.00 0.01
+0.07
−0.08 0.00
+0.00
−0.00
z = 1 0.02+0.03−0.02 0.00
+0.00
−0.00 0.01
+0.02
−0.02 0.00
+0.00
−0.00
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Figure D.1: Basic correlations between age, dust reddening, stellar mass and SFR derived
from SED-fitting using a wide setup and a wavelength coverage of UBVRIJHK+IRAC
bands in the reddened case. ∆ is the difference between estimated and true quantity.
For stellar mass, age and SFR we used the logarithmic values. The true age for the
mock galaxies is represented by the mass-weighted age. Negative values of ∆ mean
underestimation, positive values stand for overestimation. We show objects at z = 0.5 in
black, at z = 1 in magenta, z = 2 in green and at z = 3 in yellow. – Reproduced from
Wuyts et al. (2009) with added metallicity row and omitted AV row.
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D.2 Free redshift case
We reproduced Fig. D.1 also for the case in which redshift is left free in the fit. Ac-
cordingly we added a column showing the correlation of offsets in metallicity, SFR,
E(B − V ), stellar mass and mass-weighted age with offsets in redshift. The results are
shown in Fig. D.2. We list median values with 68% confidence levels of the difference
between derived and true redshift, age, mass, SFR and E(B-V) in Table D.2.
Overall, we find a weak correlation between redshift and stellar mass such that when
redshift is underestimated, stellar mass is underestimated, too. For all other properties
correlations with redshift are even weaker because of the many degeneracies, e.g. red-
shifts and ages are underestimated when reddening is overestimated because they are
degenerate. Median offsets for the stellar mass, age, reddening and SFR of mock galax-
ies are similar to the fixed redshift case.
Table D.2: SED-fitting performance for age, reddening, stellar mass and SFR when red-
shift is a free parameter. As in Table D.1 we list the median (∆m) values of ∆ with their
68% intervals, respectively, for mock star-forming galaxies. Setups and definitions are
the same as in Table D.1. For mock passive galaxies we list only the cases for the wide
setup and no reddening in the fitting.
Setup ∆mz ∆mlog age ∆mE(B − V ) ∆mlogM∗ ∆mlog SFR
star-forming
wide setup
z = 1 −0.02+0.08−0.08 −0.16
+0.32
−0.67 0.05
+0.14
−0.05 −0.19
+0.13
−0.16 0.10
+0.28
−0.31
z = 2 −0.06+0.10−0.11 −0.17
+0.25
−0.72 0.00
+0.13
−0.02 −0.11
+0.09
−0.39 0.11
+0.40
−0.46
z = 3 −0.01+0.07−0.12 −0.55
+0.80
−0.40 0.00
+0.06
−0.07 −0.23
+0.21
−0.32 −0.04
+0.69
−3.83
wide setup
age ≥ 0.1 Gyr
z = 1 −0.02+0.08−0.08 −0.16
+0.32
−0.67 0.05
+0.14
−0.05 −0.19
+0.13
−0.16 0.10
+0.28
−0.31
z = 2 −0.06+0.09−0.11 −0.06
+0.19
−0.25 0.00
+0.06
−0.02 −0.09
+0.08
−0.19 0.08
+0.16
−0.36
z = 3 −0.01+0.07−0.15 0.12
+0.28
−0.18 0.00
+0.06
−0.03 −0.12
+0.10
−0.18 −0.06
+0.17
−2.13
passive
wide setup
z = 0.5 0.00+0.01−0.05 0.04
+0.10
−0.11 0.05
+0.30
−0.04
z = 1 0.00+0.05−0.01 0.02
+0.03
−0.10 0.00
+0.03
−0.05
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Figure D.2: Basic correlations between redshift, age, dust reddening, stellar mass and
SFR derived from SED-fitting using a wide setup and a wavelength coverage of UBVRI-
JHK+IRAC bands in the reddened case. Definitions and symbols are the same as in Fig.
D.1.
Appendix E
Importance of the SFH code
In order to test the dependence of our results on the SFH code we compare the stel-
lar population properties obtained by using composite stellar population models created
with different codes. Composite models are based on the M05 stellar population models.
The BC03-routine csp galaxev is only used to add the SFH. Likewise we use composite
models calculated with the M05-code. Fig. E.1 shows the differences in flux at various
ages between the two versions of a composite stellar population model with an exponen-
tially declining SFH of τ = 1 Gyr, solar metallicity and Salpeter IMF. Clearly, the two
SFH codes produce different results, particularly in the rest-frame UV and optical wave-
length ranges. These must be due to the different interpolation routines and checks for
numerical stability. Although the absolute differences might seem relatively small, M09
and Maraston & Stro¨mba¨ck (2011b, in. press) showed that even such small differences
can play an important role for the determination of galaxy colours. In Figs. E.2-E.4 the
effect on the stellar population properties become apparent. Fig. E.2 compares the best fit
ages as a function of redshift. Differences are larger at lower redshift, independently of
dust reddening. The reason for this lies in the larger age range that is available in the fit-
ting and a stronger influence of the age-dust-degeneracy when dust reddening is included.
Accordingly, in Fig. E.3 we illustrate the dependence of the obtained dust reddening on
the SFH code. Again, the largest differences are found at low redshift. Overall, the red-
dening agrees reasonably well for models created with the two codes. The same picture
is evident in the stellar masses (Fig. E.4). At redshift 0.5 masses can differ up to 0.5 dex
independently of dust reddening. At high redshift the effect on the stellar masses is very
small and negligible in comparison to effects from metallicity, star formation histories
and wavelength coverage.
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Figure E.1: Difference in the rest-frame SEDs of composite stellar populations created
with the code of M05 and BC03. We show ages of 0.001, 0.1, 1 and 5 Gyr of a solar
metallicity, Salpeter IMF τ -model with a τ = 1 Gyr. The two codes show clear differ-
ences in the UV and optical wavelength ranges. Note that both CSPs are based on the
M05 stellar population model and the BC03 code is only used to add the star formation
history. The flux of each model is normalised to 1 at 5000 A˚.
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Figure E.2: Comparison between best fit ages for mock star-forming galaxies using only
solar metallicity τ -models created with different SFH codes. Black dots refer to the
unreddened case, red to the case that includes reddening in the fit.
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Figure E.3: Comparison between best fit E(B−V ) for mock star-forming galaxies using
only solar metallicity τ -models created with different SFH codes. Black dots refer to the
unreddened case, red to the case that includes reddening in the fit.
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Figure E.4: Comparison between best fit stellar masses for mock star-forming galaxies
using only solar metallicity τ -models created with different SFH codes. Black dots refer
to the unreddened case, red to the case that includes reddening in the fit.
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